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A bstract
The Jefferson Lab Hall A experiment E99-114 comprised a series of measurements 
to explore proton Compton scattering at high momentum transfer. For the first 
time, the polarisation transfer observables in the p (7 ,7 'p) reaction were measured 
in the GeV energy range, where it is believed th a t quark-gluon degrees of freedom 
begin to dominate.
The experiment utilised a circularly polarised photon beam incident on a liq­
uid hydrogen target, with the scattered photon and recoil proton detected in a 
lead-glass calorimeter and a magnetic spectrometer, respectively. A high effi­
ciency proton polarimeter located a t the spectrometer focal plane was used to 
extract the beam helicity asymmetry, from which the polarisation transfer com­
ponents (K ll and K lt ) a t a centre-of-mass energy squared s = 6.9 GeV2 and 
momentum transfer t = —4.0 GeV2 were determined. This analysis involved mod­
elling the precession of the proton spin in the magnetic optics of the spectrometer, 
as well as calibration of the polarim eter analysing power via the p (e, e'p) reaction.
The real power of this polarisation measurement lies in the fact th a t the two 
reaction mechanisms assumed to contribute in this kinematic domain - the leading 
twist pQCD approach and the handbag factorisation - give drastically different 
predictions for K LL a t wide angles. The results, K lt =  0.111 =t 0.078 (stat) ±
0.04 (syst ) , K ll = 0.677 ±  0.083 (stat) ±  0.04 (syst), indicate unambiguous 
agreement with the handbag mechanism and disagreement with the pQCD pre­
dictions. Furthermore, in terms of the non-perturbative structure of the proton 
the results highlight the importance of states with non-zero quark orbital angular 
momentum.
Declaration
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Chapter 1 
Introduction
Hadron physics is the study of the strongly interacting particles of nature. The 
most stable hadrons are those which make up the atomic nucleus, and in doing 
so account for almost all the mass in our solar system: the proton and neutron. 
In spite of the abundance of these particles the force governing their fundamental 
dynamics, the very force which binds them  together and prevents the nucleus 
flying apart, is the least well understood of the four fundamental forces of nature. 
This is hardly surprising given the description of the strong interaction in terms 
of Q uantum  ChromoDynamics (QCD), wherein the nucleons are the lowest mass 
excitations of the labyrinthine amalgamation of quark and gluon condensates 
which form the QCD vacuum. All of the key features associated with the QCD 
Lagrangian are exhibited by the nucleon: colour confinement, asymptotic freedom 
and spontaneously broken chiral symmetry. A study of the nucleon, therefore, is 
a study of the strong interaction and QCD.
QCD is a renormalisable field theory based upon the principle of local gauge 
invariance under the exchange of colour. It describes the strong force in term s 
of fermion fields of a given colour charge, famously called quarks by Gell-Mann, 
interacting through the exchange of massless gauge bosons known as gluons. The 
hallm ark of QCD which distinguishes it from the electroweak theory is the fact 
th a t these gluons possess non-zero colour charge (unlike the photons in electro­
m agnetism which carry no electric charge). Chief amongst the resultant conse­
quences is the property of colour confinement, whereby quarks and gluons are not 
perm itted to exist as isolated free particles, but must combine to  form colour- 
neutral singlets: the three-quark baryons, of which the nucleons are the most 
stable, and the quark/anti-quark mesons. To date, the quantum  numbers of all 
known strongly interacting particles have been accounted for using a model based
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upon the non-Abelian internal SU(3)c symmetry of QCD for elementary quarks 
of six different flavours (these are labeled in order of increasing mass as u, d, s, 
c, b and t).
While the static properties of the nucleon can be described in this manner, 
the extreme non-linear nature of the strong force means th a t the dynamical prop­
erties of its constituents vary dram atically depending on the momentum scale at 
which it is probed. This leads to  an unavoidable and profound dichotomy: large 
momentum behaviour of the nucleon can accurately be described by the quark 
and gluon fields of which it is composed, but this same description fails at low 
momentum where successful models have to rely instead on effective hadronic 
degrees of freedom. The problem is related to the asymptotic freedom of QCD, 
which is responsible for the fact th a t the force between the quarks within the 
nucleon becomes weaker as they move closer together.
For scattering processes involving the nucleon in the high momentum (hard) 
domain, perturbative QCD (pQCD) can be used to express the physical ampli­
tudes as a perturbative series in the strong coupling constant (o:s) in a manner 
analogous to Q uantum  Electrodynamics (QED). However, renormalisation of the 
field theory is required for such a series to converge, and is achieved by the in­
troduction of an arbitrary  mass scale. This, in turn, leads to  the running of the 
coupling strength of the strong interaction. T hat is to say, the effective strength 
is not a constant, but varies significantly depending on the momentum scale, de­
creasing logarithmically a t large momentum transfers. This is why an increase 
in m omentum not only implies a shorter distance scale but a decrease in the ef­
fective coupling, which causes the perturbative expansion to converge and allows 
for rigorous predictions based upon the quark and gluon fields alone.
Asym ptotic freedom also means th a t the relatively large running coupling 
strength associated with the low momentum (soft) regime renders a perturbative 
expansion in a s useless a t large distance scales, such as typical hadronic sizes 
or larger. No rigorous solutions are available for non-perturbative QCD and 
nucleon behaviour a t comparatively low energies, so effective theories become 
necessary. These are based upon identifying appropriate hadronic degrees of 
freedom for a particular momentum range and determ ining their characteristics. 
A variety of methods, each w ith their own lim itations, have been employed over 
the years: QCD sum rules are formulated using the underlying symmetries of the 
strong interaction; many models are available based upon effective Lagrangians 
to approxim ate QCD at low energy; and more recently, com putationally intensive
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calculations of physical quantities on a discretised Euclidean space-time lattice 
have been performed.
One feature common to all these approaches is the critical role played by the 
non-perturbative vacuum - a fact which inextricably links low energy QCD to  
the phenomenon of spontaneously broken chiral symmetry. If the light quarks 
are approximated as massless (u and d quarks masses are believed to be around 
two to three orders of m agnitude smaller than  the mass of the nucleon), the 
conservation of their left and right-handedness introduces an additional layer of 
symmetry into any effective Lagrangian. This chiral symmetry is not exact and 
can be spontaneously (or dynamically) broken by the non-zero mass of confined 
quarks, which leads to  these quarks developing large effective masses through 
interactions with the vacuum. The picture th a t one is left with, therefore, is 
of a nucleon consisting not only of three valence-quarks but a complex sea of 
quark/anti-quarks pairs and gluons, the characteristics of which are contingent 
on the momentum scale involved.
Experim entalists have been exploring the electromagnetic response of the nu­
cleon for more than  fifty years now. These measurements have been largely fo­
cused towards to the extreme upper and lower ends of the spectrum  of momentum 
transferred to  the nucleon. The interm ediate region involving moderately large 
momentum transfer, where there is significant interplay between soft and hard 
physics and therefore between quark-gluon and meson-baryon degrees of freedom, 
has long since been identified as a fertile testing ground for models of the strong 
interaction. Precise experimental da ta  in this regime, however, is relatively sparse 
due to the difficulties associated with taking such measurements, such as very low 
cross sections. The advent of large energy, high duty-factor electron accelerators, 
like the 6 GeV  machine a t Jefferson Lab, has meant th a t a  body of good quality 
da ta  has become available in recent years to test and constrain the wealth of 
theoretical calculations in this field.
Real Compton scattering is a clean and potentially powerful probe of the 
nucleon, yet a t m oderately large momentum transfer it is one of the least used. 
The present measurement of polarisation observables for Compton scattering from 
the proton is the first of its kind in this regime. Complemented by a measurement 
of the differential cross section over a wide kinematic range - analysis of which is 
well underway - the d a ta  provides insight into both the non-perturbative structure 
of the proton and the underlying reaction mechanism for this process. Theoretical 
descriptions of the reaction mechanism are subtly linked to  the m anner in which
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the momentum transferred to the proton is shared between its constituents. Two 
schools of thought, which in some respects represent extreme cases, have emerged 
in recent years. The first of these is the pQCD approach, which is believed to 
dominate a t very high energies and explicitly involves all three valence quarks of 
the proton, with momentum transferred between them via hard gluon exchange. 
The other approach involves the handbag mechanism, in which only one of the 
valence quarks is active in the scattering process and the momentum is transferred 
from this quark to the other constituents through overlaps of high m om entum  
components of the proton wave function. Until fairly recently, the paradigm  for 
describing hard exclusive processes such as proton Compton scattering has been 
the pQCD approach; it is likely to be superseded for m oderately large energies, 
such as those presently accessible a t Jefferson Lab, by the handbag mechanism.
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Chapter 2 
Nucleon Structure
Since the 1930’s and S tern’s famous discovery th a t the nucleon’s magnetic mo­
ment deviated strongly from the value expected for a structureless Dirac particle, 
the study of the structure of the nucleon has proven to be one of the most inter­
esting and challenging fields in physics. Following those early days, the charge 
and current distributions within the nucleon have been accurately measured; ir­
refutable evidence for the existence of Feynman’s partons - the point-like particles 
which make up the nucleon - has been uncovered; and a rigorous approach linking 
these partons to the more fundam ental quarks and gluons of Quantum Chromo- 
Dynamics (QCD) has been developed. One of the latest, and in many ways the 
most elegant, approaches is the non-specific representation of nucleon structure in 
terms of Generalised Parton Distributions (GPD). It is within this framework th a t 
there has been intense recent interest in the family of hard exclusive reactions. In 
this section we provide a simple review of the progress made in understanding the 
nucleon, introducing the necessary formalism and key concepts along the  way. An 
excellent overview of the field of nucleon structure and a fuller description than 
what follows can be found in ref. [1].
2.1 Exclusive Structure: Form Factors
A vast number of experiments have revealed the capacity of electromagnetic 
probes to precisely examine the structure of the nucleon. Since the electromag­
netic interaction is so well understood, through the theory of Quantum  Elec- 
troDynamics (QED), the scattering of a lepton beam  from a nucleon target, in 
a m anner analogous to diffraction in optics, provides an accurate and decisive 
method of exploration. So much so, in fact, th a t many observers have likened
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this procedure to a microsurgery of the nucleon. The spatial resolution achiev­
able in such an investigation depends only on the effective wavelength of the 
interacting virtual photon, and therefore, on the momentum transferred to  the 
nucleon.
intrinsic nucleon structure introducing characteristic deviations from point-like 
behaviour, which leads to the following generalisations:
1. To parameterise the source of these deviations (i.e. the unknown aspects of 
the scattering object), a form factor (or structure function) is introduced in 
the m atrix  elements of the electromagnetic current between nucleon states.
2. Because of the clear relationship between m omentum transfer and spatial 
resolution, the form factor of an object of finite size, and presumably there­
fore with internal structure, must depend on the momentum transferred in 
the reaction.
The archetypal electromagnetic investigation of the nucleon is elastic electron- 
proton scattering: ep —> e'p, measurements of which gave the first appraisal of 
the size of the proton in the mid-1950’s [2j. The term  elastic scattering is used to 
indicate th a t both the transferred energy z/, and three-m om entum  q, are absorbed 
by the recoiling proton as a whole (tha t is, w ithout any interm ediate excitation 
of the proton from its ground state). The leading order Feynman diagram for 
this process is shown in fig. 2.1(a).
Probing the nucleon at dimensions of ~  1 f m  (10-15 m)  requires a virtual 
photon wavelength of the same order, and therefore highly relativistic electrons. 
If the proton were simply a structureless particle with Dirac magnetic moment, 
the case of relativistic electron scattering from such a particle, taking into account 
the electron spin and the fact th a t the proton will recoil in the process, is described 
by the familiar M ott cross section:
Interpretation of the experimental d a ta  is based upon the the paradigm of
M ott
(2 .1)
where a em is the fine structure constant, and the initial and scattered electron 
energies, E  and E ', are related (through two-body kinematics) to  the scattering 
angle 6. The relativistic nature of these calculations necessitates the use of the
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e
Figure 2.1: Leading order Feynman diagrams for (a) Elastic ep scattering and 
(b) Deep inelastic scattering. In each respective case, the unknown aspects of 
the proton structure are parameterised in terms of the form factors, Fi(Q2) and 
F2(Q2), and parton distributions, q(x) and Aq(x).
Lorentz invariant generalisation of the momentum transfer:
q
Q2 = AEE' sin2 (2 .2 )
which itself corresponds to the invariant mass of the virtual photon. Naturally, 
the physical situation is further complicated by the proton’s extended structure 
and anomalous magnetic moment, which means that the distribution of both 
its charge and current will contribute to the scattering. This then leads to the 
Rosenbluth cross section for elastic ep scattering:
da
dCt ( a )\  /  Mot t
+ r F t  (Q2) +  '2 (F 2 (Q2) (Q2)) tan2 -, ( -3)
where r  =  Q2/Am2, m  is the mass of the proton, and the Dirac, F\ (Q2), and 
Pauli, F2 {Q2), electromagnetic form factors have been introduced. These appear 
in the scattering amplitude as transition current matrix elements and represent 
vector and tensor transitions between nucleon states, respectively.
The physical interpretation of these form factors is not immediately obvious: 
a more intuitive interpretation can be obtained through the introduction of the
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Sachs electric and magnetic form factors:
G e ( Q 2) =  f i  (Q2) -  t F 2 (Q2) ,
G m (Q 2) =  F i( Q 2) + F 2 (Q2) .  (2.4)
It transpires tha t, in the Breit frame (which coincides with the electron-proton 
centre-of-mass), these relate directly to the underlying charge and magnetisation 
densities a t a particular value of Q2. For example, a t Q2 = 0 their values give the 
proton charge and magnetic moments, while their slopes can be used to calculate 
mean squared radii of the proton. Strong Q2 dependencies have been observed 
in both proton Sachs form factors a t currently accessible energies, which itself
is direct evidence for the extended charge and current distributions within the
proton. The latest value for the mean squared radius is 0.86 f m  [3].
2.2 Inclusive Structure: Parton Distributions
If the nucleon is truly a composite object, it should be possible to gauge its inter­
nal structure by increasing the v irtuality1 of the incoming photon. In the Bjorken 
regime (where Q2,v  m), inclusive lepton scattering has been the reaction of 
choice for studying the nucleon because the transferred momentum and energy 
quickly become large enough to cause break-up of the nucleon, often into multi- 
hadronic states. In such a process, known as Deep Inelastic Scattering (DIS), only 
information on the scattered lepton is available, with the final hadronic state re­
maining undetected. The leading order diagram for electron-proton DIS is shown 
in fig. 2.1(b). The corresponding analysis of this type of measurement is similar 
to the previous example with two significant exceptions:
1. The angle and energy of the scattered electron are not strongly correlated 
as in the elastic case. This means there is no longer a direct relationship 
between Q2 and v.
2. The deficit in final-state information means th a t more complicated pro­
ton m atrix elements appear in the DIS scattering amplitude. These new 
DIS structure functions are, consequently, quite distinct from the aforemen­
1The term virtuality is commonly used to refer to the momentum carried by a particle which 
is not on its mass shell.
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tioned form factors: their physical interpretation is no longer as straight­
forward, and they depend on both Q2 and v.
Therefore, the cross section for this process involves these two new structure 
functions, W\ (v, Q2) and W 2  (v, Q2):
d2cr a 2era
dQ.dE' 4E 2 sin4 §
W2 (v, Q2) cos2 +  2Wi (u, Q2) sin2 ^ (2.5)
It was the measurement of W\  and W 2  a t SLAC [4] a t the end of the 1960’s 
th a t uncovered the first evidence th a t the nucleon consists of structureless par­
ticles, and found th a t the DIS cross section of eq. 2.5 is an incoherent sum of 
individual elastic scattering cross sections from these constituents. To explain 
these discoveries and develop the Quark Parton Model (QPM) of the nucleon it 
is necessary to introduce the Bjorken variable:
X =  frnv  ( 2 ' 6 )
The data  showed th a t at Q2 values above a few GeV , the structure functions 
depend only on this new variable x. T hat is to say:
m W ^ x . Q 2) -> F?pm{x),
1/W 2  (x, Q2) -> F«pm(x).  (2.7)
Recalling th a t the structure function for any object with internal structure must 
be Q2-dependent, this observation implies th a t the virtual photons in DIS must 
be scattering from point-like, structureless objects inside the proton. These inter­
nal particles were given the generic name of partons, it was only later th a t they 
came to be associated with the quarks and gluons of QCD. The Q2-independent 
behaviour is the now familiar property of Bjorken scaling [5]: it arises as a conse­
quence of the asymptotic freedom associated with QCD at short distances, and 
implies th a t the structure functions are independent of a scale transform ation in 
the particle’s mass, energy and momentum.
As for the physical significance of x, it becomes clear in the so-called infinite 
momentum frame, where the nucleon is moving with a momentum approaching 
00 in the 2-direction. In such a frame, relativistic time dilation implies th a t 
during the interaction with the virtual photon, the nucleon can be considered as 
a collection of non-interacting partons (the impulse approximation), each with
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different fractions of the to ta l nucleon longitudinal momentum. For one of these 
partons to absorb a virtual photon of energy v and four-momentum Q2, it must 
carry exactly the momentum fraction x. It is then clear th a t DIS, in addition to 
providing evidence for internal structure of the proton, can be used to measure the 
momentum distribution of the quarks (and gluons) inside a fast-moving nucleon 
(for a review see ref. [6]). The unpolarised parton distributions, q(x) and q(x), 
for spin-1/2 quarks and anti-quarks of a given flavour q can be related to  the 
nucleon structure functions of eq. 2.7 by the relation:
j p q p m  ^  = 2 x F 9 P m  ^  =  x  ^  g 2 ^ ^  + ^  ? ^
Q
where e2q is the charge of the g-flavour quark. The quark and gluon parton dis­
tributions have been accurately measured over a wide range of kinematics, and 
have led to some of the most startling revelations concerning the internal nature 
of the nucleon. The most significant of these discoveries is the fact th a t the sum of 
quark momenta only amounts to around 45 % of the nucleon’s to tal momentum.
If instead of considering the spin-averaged structure functions one introduces 
the spin-dependent structure function gi, it is possible to define the polarised 
parton distributions A q(x) and A q{x) in a similar manner:
9 i (x )  = '*Ti e2q (Aq(x) + A q (x ) ) .  (2.9)
q
The polarised parton distributions are defined as the difference between quark 
distributions with spin parallel/anti-parallel to  the proton spin (Aq(x) = q (xy  — 
q(x)'*'). Measurement of these entities led to another, even more remarkable, 
discovery: the spin of the quarks only contribute about 25% to the to tal spin 
of the nucleon. This spin crisis, as it was called, was discovered at CERN in 
the EMC experiment [7] and has led to the question: if the quarks only carry 
a quarter of the nucleon’s intrinsic spin, where does the remainder come from? 
To begin to answer this, the nucleon spin S n  must be decomposed into three 
different components:
S„ = ± A X  + A G  + L,  = ±, (2.10)
where A E is the to tal spin of the quarks, AG  the to tal spin of the gluons and L z is 
the quarks’ orbital angular momentum. Although measurements have shown tha t
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Figure 2.2: The so-called handbag diagram for hard exclusive processes such as real 
and deeply virtual Compton scattering, or hard meson production; the unknown 
nucleon structure information is contained within the GPD’s.
there are significant contributions from AG, it is believed that orbital angular 
momentum of the quarks will play the dominant role. As we shall see, the issue 
of quark orbital angular momentum reveals itself time and again in a variety of 
reactions involving the nucleon.
2.3 G eneralised P a r to n  D is tr ibu tions
The two methods of exploring the structure of the nucleon that have been dis­
cussed in the previous sections occupy opposing ends of the spectrum of momen­
tum transferred to the proton, and involve quite different theoretical approaches. 
Recently, attempts have been made to reconcile these somewhat disjointed ap­
proaches by introducing Generalised Parton Distributions (GPD). These are re­
action independent, hybrid objects related to the non-perturbative structure of 
hadrons, and have arisen as a tool to describe hard exclusive reactions. In the 
next chapter we will consider one such process in detail: Compton scattering at 
moderately high momentum transfer. In this section, therefore, we introduce the 
GPD’s and some of the formalism that accompanies the discussion. Excellent 
reviews of hard exclusive reactions and GPD’s can be found in ref. [8], and more 
recently in ref. [9].
Hard exclusive processes, like DIS reactions, are dominated by partonic con­
figurations at short, light-like distances, and are usually treated in an infinite 
momentum frame. One incarnation of the infinite momentum formalism is light- 
front dynamics 110], which is particularly suited to reactions of this type since
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momentum transfers can be represented by simple Lorentz boosts, and when deal­
ing with composite objects such as the nucleon, there is a natural separation of the 
centre-of-mass motion from the intrinsic relative motion of the partons. Specifi­
cally for a high energy nucleon, this implies th a t the longitudinal and transverse 
degrees of freedom of the constituents are naturally separated. For example, a 
particle with four-momentum =  (p0,^ 1,^ 2,^ 3) can be represented in a system 
with momentum along the p3 axis approaching oo, such that:
p± =  p° ± p 3 =  constant . (2 .1 1 )
In this system, the four-momentum becomes p^ =  (p+ ,p “ , p _l ), with momenta 
on the light-front surface of p± , and transverse mom enta pj_ =  (p ^ p 2).
A typical hard exclusive Feynman diagram, for processes such as real and 
virtual Compton scattering or meson production, can be seen in fig. 2.2. As with 
the previous two examples, a param eterisation is introduced to account for the 
unknown nucleon structure information: the G PD ’s. Formally, these are Fourier 
transforms of nucleon m atrix elements which relate quark-gluon and nucleon de­
grees of freedom. At tw ist-2 level there are four chirality-conserving quark G PD ’s, 
each of which represents a different contribution to  the overall nucleon structure: 
H  and E  (unpolarised), and H  and E  (polarised). Twist, itself, is a fairly abstract 
concept, related to the operators th a t appear in the nucleon m atrix elements and 
the logarithmic evolution of a physical system. A formal definition can be found 
in ref. [1], although it is probably sufficient for our purposes to note th a t diagrams 
involving quark propagators are at tw ist-2 (or leading twist) level. In addition 
to the fraction of the nucleon’s momentum carried by the particular quark, x, 
the G PD ’s depend on the M andelstam invariant momentum transfer t and the 
skewedness param eter f  =  —t+/2p+, which is simply the light-cone momentum 
fraction transferred to the target nucleon in fig. 2.2.
The real power of this approach is revealed in model-independent sum rules, 
which lead to  an intim ate relation between the G PD ’s and m atrix elements of local 
currents, such as the electromagnetic form factors. For example, the contribution 
to the electromagnetic form factors from a particular quark flavour, q, are given
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by
dxH q (x,£,t)  =  F q (t)
J - 1
/ dxE q (x,£,t)  = F$(t)
■+i
dxH q (x , £, t) = g \  (t ) ,
l
1+1
d x E 1 (x, f , t) =  h \  ( t ) . (2 .12)
These can simply be related to the full nucleon form factors using SU(2) isospin 
symmetry. F\ and F2  are the Dirac and Pauli form factors introduced in eq. 2.3, 
and gA and Ha are proton form factors which arise in weak, ra ther than  electro­
magnetic, currents. Furthermore, H  and H  can be linked to  the ordinary parton 
distributions of DIS in the forward limit (f =  t  = 0):
However, this is not the case for E  and E,  which are not accessible in DIS 
since these tensors disappear in the forward limit. An example of the connection 
between G PD ’s and ordinary parton distributions can be seen in the param eter- 
isation of the u-quark GPD H (x ,£ , t  = 0) in fig. 2.3. Models of the G PD ’s such 
as this one are all th a t are available a t present, since the monumental task of 
experimentally mapping out these complicated objects has only just begun.
The role of the G PD ’s as a bridge between the already available inclusive and 
exclusive descriptions of the nucleon is plainly established in eq. 2.12 and 2.13. 
More than  simply this, however, the G PD ’s and the hard exclusive processes 
which they describe have the potential to reveal a great deal more about the nu­
cleon. It is in comparison with the ordinary parton distributions th a t this becomes 
clear. In DIS, there is no overlap between initial and final states, the parton dis­
tributions arise through diagonal nucleon m atrix elements and are purely number 
densities. G PD ’s, on the other hand, are probability amplitudes th a t represent 
interference between initial and final states (one state  with a wave function which
x > 0, 
x < 0.
x > 0, 
x < 0.
(2.13)
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Figure 2.3: Parameterisation of the GPD H u(x ,C t  = 0) from ref. f8j. At f  = 0 
the distribution reduces to q(x) and q( — x) as given in eq. 2.13.
involves a parton with momentum x +  £ and one with x  — £) and, therefore, cor­
relate different partonic configurations at the quantum mechanical level2. Where 
DIS involves only longitudinal momentum fractions, GPD’s contain information 
on the transverse momentum of partons inside a fast moving nucleon, involve 
quark-quark momentum correlations and are sensitive to configurations involving 
quark and anti-quarks.
In addition, an examination of the polarised structure of the GPD’s reveals 
that H and H  are purely nucleon helicity-conserving, whereas E  and E  are natu­
rally associated with nucleon helicity-fiip amplitudes. Fast moving fermions, such 
as quarks, do not change helicity which means that nucleon helicity-flip requires 
configurations with non-zero quark orbital angular momentum. This is essentially 
stated in J i’s angular momentum sum rule [11], which is written as:y+ d x x ( H q ( x , 0  + E q (x,t,)) = (2.14)
where, J q is the fraction of the nucleon’s angular momentum (sum of spin and 
orbital) carried by a quark of flavour q. This relationship is intimately related 
to the proton spin crisis and the decomposition of the nucleon spin given in 
eq. 2.10. Quark orbital angular momentum and nucleon helicity-flip prove to be
2This is the reason they are also referred to as off-diagonal or skewed parton distributions.
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very im portant components of calculations involving a variety of hard exclusive 
reactions: in the following chapter, we will see th a t this is certainly true of proton 
Compton scattering.
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Chapter 3 
Proton Compton Scattering
In the previous chapter we have seen the real power of electromagnetic probes, 
in particular the virtual photon, and the wealth of nucleon structure information 
they make available. We now turn  our attention to the case of elastic scattering 
of real photons from proton targets: 7p —> 7 'p. A rthur Compton first observed 
the phenomenon which bears his name in experiments using X-rays, and the in­
terpretation of the observations in terms of scattering of a single quantum  of 
electromagnetic radiation is one of the highlights in early quantum  theory. Sub­
sequently, Klein and Nishina [12] derived the cross section at leading order QED 
in what has become a standard textbook example. This chapter begins with an 
overview of Compton scattering at comparatively low momentum transfer, where 
an abundance of data  has led to a greatly enhanced understanding of the electro­
magnetic response of the proton. We then go on to discuss several calculations 
at large momentum transfer, in a region where access to the composite structure 
of the proton is made possible but the experimental da ta  is much more sparse.
3.1 Low Energy Regime
Measurements of real Compton scattering from the proton in the region of around 
100 M eV  to 2 GeV  have fundamentally enhanced our understanding of the nature 
of the proton and its excited states. Just as low momentum virtual photons 
reveal the size and shape of the nucleon, low energy real photons can be used 
to investigate the response of the nucleon to long wavelength, low frequency 
electromagnetic fields. This naturally leads to the measurement of two elementary 
physical quantities: the proton’s electric (a#) and magnetic (Pm ) polarisibilities. 
These are closely related to the field of dispersion theory, from which sum rules
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can be obtained leading to a model independent analysis of the experimental 
data. Sum rules are invaluable as they directly connect low energy properties of 
the proton to  the photoabsorption cross section. An excellent review of dispersion 
relations, sum rules and Compton scattering is th a t of Drechsel et al [13].
Proton Polarisib ilities
The adopted model of intrinsic nucleon structure introducing departures from 
point-like behaviour is once again the foundation on which the discussion is based. 
Essentially, evaluation of the difference between the point-like and observed unpo­
larised Compton cross sections allows one to determine the proton polarisibilities 
through the Baldin sum rule [14]:
ole +  Pm  =  t t t  f “ T  atot (w) ’ (3 -1)
27r J u o  u
where uq is the pion production threshold energy. Precisely how this relationship 
between polarisibilities and cross section arises can be understood in term s of the 
following considerations:
1. An expansion of the Compton amplitude in powers of photon energy, to, in­
troduces deviations connected with the two scalar polarisibilities at O (lu2) 
(incidentally, an additional four vector (spin) polarisibilities appear a t higher 
order).
2. A dispersion relation analogous to the Kramers-Kronig relation from op­
tics can be used to connect the real part of the Compton am plitude to a 
dispersion integral over its imaginary part.
3. U nitarity considerations within the optical theorem then connect the imag­
inary part of the am plitude with the to ta l photon-proton absorption cross 
section.
The significance of the last point, in particular, is worth emphasising further, as 
the connection between the to ta l cross section and the proton’s excitation spec­
trum  leads to  a close relationship between Compton scattering, nucleon spec­
troscopy and meson production in the resonance regime.
Small values have been measured for the scalar polarisibilities [15], which 
implies th a t the proton is a ra ther rigid object th a t does not deform significantly 
under the influence of an external electromagnetic field. The electric polarisibility
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has been found to be much larger than  its magnetic counterpart. This difference 
has been attributed  to cancellation between various magnetic contributions to
Pm -
Spin Structure and the G DH  Sum R ule
Similar arguments can be employed when considering the case of circularly po­
larised photons on polarised proton targets, leading to the Gerasimov-Drell-Hearn 
(GDH) sum rule [16,17]. In this case, the Compton scattering am plitude can be 
separated into two parts: a non-flip am plitude ( /3/2)> corresponding to proton 
polarisation parallel to the th a t of the photon; and a spin-flip part ( / 1/2) for the 
case of anti-parallel polarisations. The GDH sum rule then relates the proton’s 
anomalous magnetic moment, /c, to the difference between to ta l flip and non-flip 
cross sections:
In this sense, the GDH sum rule provides complementary spin structure infor­
mation a t low energy to the polarised parton distributions of DIS. This is one of 
the reasons th a t there are significant efforts currently underway to generalise the 
sum rule to describe virtual photon scattering, therefore allowing extension into 
a much higher energy regime where partonic configurations of the proton become 
im portant.
3.2 Asymptotically Large Energies: pQCD
The observation th a t the onset of scaling in DIS occurs at momentum transfers of 
only a few GeV led, quite reasonably, to speculation th a t similar behaviour might 
be expected in exclusive reactions on a similar energy scale. The pioneering work 
of Brodsky and Lepage [10] laid the foundations for a treatm ent of hard exclusive 
reactions in a pQCD framework. There is general consensus th a t calculations of 
this type will provide the appropriate description of exclusive reactions a t very 
high energies. At present, however, the applicability of this approach to da ta  at 
m oderate energies is the subject of considerable debate.
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3.2.1 Leading Twist Factorisation
In this approach, the scattering amplitude of exclusive processes a t large mo­
mentum transfer is assumed to factorise into hard and soft subprocesses, with 
the physical am plitude being governed largely by quark and gluon interactions a t 
short distances. The first and underlying assumption is th a t the energy scale is 
sufficiently high for the partons’ mass and transverse momenta to  be neglected. 
Moreover, such a large scale implies th a t only the valence-quark states of the 
hadron contribute, with non-valence states involving sea quark and gluon contri­
butions being strongly suppressed. The physical situation, therefore, is of valence- 
quarks moving collinear with the parent hadron which must remain in its ground 
state, and therefore momentum must be transferred explicitly between quark lines 
by the minimum allowable number of hard gluon exchanges. Schematically, the 
am plitude can be considered as:
T  =  4>initial ® T h  ® 4*fin a l 5 (*^ *^ )
where 4>initial and 4>final are the hadron’s parton D istribution Amplitudes (DA) 
wherein the non-perturbative physics is encoded. These are process independent 
quantities, analogous in many respects to parton distributions in DIS, and rep­
resent formally the probability of finding a hadron with a specific partitioning of 
the valence-quarks’ longitudinal momenta. The hard subprocess am plitude Th , 
whereby the momentum is transferred to the hadron, is obtained by calculating 
the Feynman diagrams for the specific hard process.
These considerations lead to  two of the most familiar and rigorous predic­
tions of pQCD which can be tested experimentally: Hadron Helicity Conservation 
(HHC) [18] and constituent counting rules [19]. The assumptions of zero quark 
mass and dominant valence configurations of the hadrons, together with the vec­
tor coupling of the gauge particles, leads to the phenomenon of conservation of 
hadron helicity in hard exclusive reactions. The constituent counting rules, on 
the other hand, arise because a system of bound partons under the transfer of 
large momentum has the same dimensional scaling behaviour (due to asym ptotic 
freedom) as if it were a collection of free particles. This is usually w ritten as:
(3.4)- £  =  s2- " /  ( M  ,
where n  is the to tal number of leptons, photons and quark constituents in the
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Figure 3.1: Leading twist factorisation of exclusive Compton scattering, in which 
momentum is shared between three active valence quarks by the exchange of two 
hard gluons.
initial and final states, which represent the elementary field components in the 
amplitude of a given process1.3.2.2 Calculations for Compton Scatering
There have been several recent attempts within the above framework to evalu­
ate exclusive Compton scattering to leading twist accuracy and leading order in 
a s. The original work by Farrar, Zhang et, al. [20-22] showed that leading or­
der pQCD predictions were safe from singularities that might otherwise require 
resummation of the perturbative series. There has since been three subsequent 
calculations [23-25], the last two including predictions for spin observables. Tech­
nically, the calculations are quite involved since a great many diagrams contribute, 
even at leading order, and the predictions are sensitive to both the renormalisa­
tion scale dependence and the treatment of singularities in the hard scattering 
amplitude.
All the calculations involve factorisation of the type given in eq. 3.3, which 
is best visualised by the Feynman diagram of fig. 3.1. As one would expect, 
the amplitude involves a hard scattering subprocess {^qqq —> 7 qqq) with two
^ o r  Compton scattering, 11=8.
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hard gluons exchanged between the active quarks, and soft m atrix elements in 
the form of proton distribution amplitudes. If h, h' =  ± |  are the helicities for 
the incoming and outgoing protons and A, A' =  ±1 for incoming and outgoing 
photons, the helicity am plitudes for the process take the form:
X <i>i (x) Tt(d) (x, h, A; y, h \  A') <f>* ( y ) , (3.5)
where i labels the independent, three-valence-quark Fock states of the proton and 
the sum over d represents all Born level diagrams contributing to the hard scat­
tering am plitude, 7*. The proton DA’s, assuming only collinear valence quarks 
in the initial and final states, are fa (x) and fa (y), respectively. The longitudinal 
momentum fractions are given by x  =  {x i,x 2,x 3) and y  =  (2/1, 2/2>2/3)» w ith the 
delta functions in the convolution integral ensuring th a t these sum to unity.
The DA’s in these calculations are defined as the integral over transverse 
momenta of the three-quark-component of the proton Light-Cone Wave Function 
(LCW F). We postpone a full discussion of the Fock expansion of the proton and 
its interpretation in term s of light-cone wave functions until sec. 3.3.2, simply 
noting here th a t the form of the DA’s is not known a priori but has to rely on 
models of the wave functions, of which several are available. The three most 
common DA models used to  make predictions for Compton scattering are based 
on QCD sum rule analyses and labeled CZ [26], KS [27] and COZ [28]. Their most 
interesting, and controversial, feature is the dominance of configurations where 
one of the quarks carries most of the momentum; th a t is to say, they are strongly 
concentrated at the endpoint regions, x  ~  0 and x ~  1. The applicability of a 
perturbative approach in these endpoint regions is questionable and has been the 
source of some criticism [29].
The integrals over the quark longitudinal momentum fractions in eq. 3.5 are 
evaluated by com puting each of the 336 leading order diagrams. Complications 
arise when one or more of the internal lines in a particular diagram (i.e. the quark 
propagators) goes on the mass shell, resulting in singularities in the amplitude. 
The different treatm ents of these singularities in the numerical integration have 
led to significant discrepancies between the theoretical predictions [25], even when 
the same DA’s are used.
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Figure 3.2: pQCD predictions from ref. [24] for differential cross section (left) 
compared with Cornell data [30], and spin observable A LL (right). The various 
curves correspond to different D A ’s: CZ [26] (dashed line), KS [27] (full line), 
COZ [28] (dashed-dotted line) and asymptotic (dotted line).
3.2.3 Predictions and Comparison with Available D ata
The calculation of specific Compton scattering observables from the helicity am­
plitudes of eq. 3.5 is simplified by the fact th a t many of the am plitudes reduce to 
zero. For example, HHC implies th a t
=  0. (3.6)
Moreover, consideration of parity and time-reversal invariance further reduces the 
number of independent am plitudes to three, where A fjj, M. j j ,  Adjj are chosen.
Before discussing the comparison of theory with the single relevant data-set 
in existence, it is im portant to stress th a t there is widespread acceptance th a t 
the photon energy at which these data  were taken [30], and of the present mea­
surement, might be too low for perturbative calculations to achieve full accuracy. 
Nevertheless, several pQCD predictions have been made for the differential cross 
section at these relatively low photon energies. Those from ref. [24] are displayed 
on the left plot of fig 3.2, which shows the cross section scaled by s6 and the pre­
dictions of various model wave functions. As well as the three models discussed
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above, the asymptotic DA, based upon a non-physical proton wave function where 
the quarks are treated as essentially free particles within the proton, is also in­
cluded. The inclusion of these four separate predictions highlights the overall 
sensitivity to the particular form of the proton wave function, which at these 
energies is significant.
As for comparison with data, a t wide angles there is reasonable agreement, 
albeit with limited statistical accuracy, with the constituent scaling behaviour of 
eq. 3.4. The cross section data, however, are more than  an order of magnitude 
higher than the closest model prediction (KS). More generally, it has long since 
been the case th a t constituent scaling appears to  hold for a wide range of reaction 
types a t moderately high energy and momentum transfer. T hat in itself has been 
sufficient for many observers to argue in favour of the applicability of the pQCD 
approach. However, a wealth of polarisation da ta  - from reactions as diverse as 
proton-proton elastic scattering [31], charmonium decay [32], and recent Jefferson 
Lab results on elastic form factors [33,34] and neutral pion photoproduction [35] 
- have shown clear violation of HHC. This has led to speculation th a t the leading 
twist factorisation will only become dominant a t higher energies (~  50—100 G eV ), 
and an alternative theoretical framework might be needed for currently accessible 
energies.
Proton Spin Observables
In addition to making predictions on the spin-averaged differential cross section, 
the helicity am plitudes of eq. 3.5 can also be used to calculate various spin ob­
servables for Compton scattering. The motivation for examining these should 
be apparent in light of the aforementioned recent observations of HHC violation. 
The proton spin observables are frame dependent (because of the non-zero proton 
mass) and must be defined in a particular reference frame. We adopt the CM 
coordinate system defined in ref. [36,37]:
N  =  g x p ' ,
T  =  N x p ' , (3.7)
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Figure 3.3: Definition of proton spin observables in the CM coordinate system. 
The axes L, N and T  correspond to the longitudinal, normal and transverse 
directions defined in eq. 3.7.
where L, N and T  define the longitudinal, normal and transverse2 spin directions;
and q and pf are the directions of the incident photon and recoil proton, as
demonstrated in fig. 3.3.
The present measurement of the polarisation transfer in the 7 p —»• 7 p reaction 
involves two-spin correlations between initial photon (first arrow in eq. 3.8) and 
recoil proton (second arrow). These are defined by the relations:
K  da = do ( t t)  _  do ( I t)
LL dt dt dt
do do (T- 0  do (4,—»)
LT dt dt dt
K ln =  0. (3-8)
The normal component of the proton polarisation transfer in Compton scattering, 
K l n , is zero because of parity conservation. Predictions involving K ll and K LT 
are complicated by the fact that theoretical calculations routinely involve corre­
lations between the incoming photon and initial-state proton. The predictions 
for the longitudinal initial-state spin correlation, A n ,  using the same DA’s as in 
the case of the cross section, can be seen on the right of fig. 3.2. In the strict 
absence of proton helicity-flip, as in the pQCD approach, it is trivial to recover
2In ref. [37] the transverse component is referred to as the sideways polarisation (S).
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the experimentally im portant polarisation transfer because
K ll =  A l l - (3.9)
This same constraint implies th a t the transverse polarisation transfer is zero:
K lt — A lt — 0. (3.10)
3.3 The Handbag Factorisation
An alternative to leading twist factorisation is the so-called handbag factorisa­
tion, in which a single quark absorbs all of the momentum: a property implicit in 
the endpoint-concentrated DA’s in the pQCD calculations. It was first considered 
in 1969 by Bjorken and Paschos [38], and has enjoyed a revival of late in calcula­
tions involving meson production [39], two-photon annihilation into hadrons [40] 
and both real and virtual Compton scattering [41]. This factorisation differs 
significantly from the pQCD approach, as the momentum transferred to the sin­
gle active quark is shared amongst the other constituents of the proton through
overlaps of non-perturbative proton wave functions, which represent countless 
soft gluon exchanges.
From the outset it should be stated th a t the handbag mechanism is not an 
opposing or mutually-exclusive formalism to the leading twist factorisation, but 
rather it represents a power correction to leading twist. In principle, there are 
many possible mechanisms for Compton scattering, whose relative contribution 
to the amplitude depends on the particular kinematic regime. At asym ptoti­
cally high energy, the leading twist mechanism dominates since all others - such 
as processes involving one-hard gluon exchange, the handbag diagram  or other 
non-valence configurations of the proton - are suppressed by inverse powers of 
the hard scale. However, at m oderate momentum transfer these other processes 
become much more significant. To fully assess the reaction am plitude when lead­
ing twist does not dominate, a coherent sum of all these contributions must be 
made. This is currently impossible within a QCD framework since each con­
tribution has a different associated soft proton m atrix element, incalculable in 
QCD. Instead, phenomenological analyses are employed to find if any particular 
mechanism dominates in specific kinematic regions.
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Figure 3.4: Born and crossed Born diagrams for exclusive Compton scattering in 
the handbag factorisation. Proton, photon and parton momenta are given by p, q 
and k, respectively3.3.1 The Soft Overlap Mechanism
It is within the handbag factorisation that Compton scattering phenomenology 
connects to the generalised parton distribution formalism and, specifically, to the 
interpretation of GPD’s in terms of the overlap of soft proton wave functions. 
Radyushkin [41] first described this overlap in terms of the double distribution 
representation of GPD’s, and was closely followed by Diehl, Kroll et al. who used 
a Fock state expansion of the proton for the wave function parameterisation [37, 
42-44].
The calculations involve the Born and crossed Born diagrams shown in fig. 3.4. 
As in the previous instance, the amplitude is factorised: in this case, into a hard 
photon-parton level subprocess ('yq —> jq) calculable in pQCD, and soft proton 
matrix elements representing the emission and re-absorption of a single parton, 
which, like the DA’s discussed previously, are obtained from proton wave func­
tions. The essential condition for the amplitude to factorise is a large transverse 
momentum transfer to the proton, satisfied when the Madelstam variables (s, —t 
and —u) are large on a typical hadronic scale A (in the GeV region). The key 
points inherent in this handbag approach are then:
• The emission and re-absorption vertices are assumed to be bound by a 
soft scale. Put another way, the proton wave functions are dominated by
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(spectator) partons with small virtualities and small intrinsic transverse mo­
menta, since large intrinsic transverse momenta are characteristic of hard 
gluon exchange. Therefore, the inequalities for the spectator parton mo­
menta
k] <  A2,
k 2 i/xi  <  A2, (3-11)
must hold, where the light-cone momentum fraction is X{ — k*/p +.
•  It is further assumed th a t the active quark, i.e. the one involved in the hard 
scattering subprocess, is approximately on-shell, moves collinear with the 
proton and carries a momentum fraction close to unity (Xj = x'j = 1).
•  The calculations are performed within a symmetric reference frame where 
the positive light-cone components of the incoming and outgoing proton 
momenta are the same. This implies zero skewedness:
( P~P' ) +
{p + p') '£ =  -r  . ■. + =  0. (3.12)
Therefore, using the same helicity convention as in sec. 3.2.2, the proton non-flip 
and flip amplitudes are:
M $  (s, t) =  2tta em R (s, t) (R v  (t) +  R a (t))AV
(s, t) =  7ra,
v = i
m (s, t )  R r ( t ) .  (3.14)
1XX
Here, the amplitudes for the hard kernel are H ( s , t ) ,  which are real a t leading 
order in a s, involve no quark helicity-flip and can be reduced to3
— U
(3.15)
The soft physics, on the other hand, is encoded in the new proton form factors,
3Note that the bottom arrows in the hard subprocess amplitudes refer to quark, not proton, 
helicty.
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R t (t) (l = V ,A ,T ). These are defined as 1 /x  moments of the corresponding 
G PD ’s at f  =  0, which makes them  quite distinct from the electromagnetic 
form factors which are x° moments (eq. 2.12). Although often referred to as the 
Compton form factors, they are not unique to  Compton scattering but appear 
in a variety of processes, such as those mentioned in relation to the handbag
factorisation a t the beginning of this section. For example, their diversity is
highlighted by extension into the time-like region, where they appear in two- 
photon annihilation calculations. The form factors are defined for a quark of 
flavour a — (u ,d , . . . )  by
R v ( t )  =  r (®,0; i),
7 - i  x 
C  dx -—
R a W = I  ~ s w n  {%) H a (x > 0; t),
7 -1  x 
dx
— E a {x,0-,t), (3.16)
■l x
where the light-cone momentum fraction associated with the active quark is x  =  
(kj +  kj) + /  (p + p')+- The full proton form factors can be obtained from a sum 
over quark flavour a, weighted by the square of the quark charge ea:
H  (*) =  £ # ? ( * ) •  (3.17)
a
There is no contribution from the pseudo-scalar GPD E  to Compton scattering 
in the symmetric reference frame.
3.3.2 The M odelling of Form Factors
Since the experimental observables depend upon the exact form of the R L form 
factors, they (or alternatively the underlying G PD ’s) have to be modelled before 
any quantitative predictions can be made. One method [45] is to represent the 
form factors as overlaps of soft light-cone wave functions in momentum space, 
summed over all Fock states of the proton. Let us begin this discussion by 
defining formally what is meant by the terms soft wave functions and valence 
Fock states.
Any hadronic state can be represented by a superposition of the more fun­
dam ental partonic Fock states, which appear as a direct consequence of the ele­
29 Chapter 3. Proton Compton Scattering
m entary quark-gluon field. A simplistic Fock state  decomposition of the proton 
might take the form:
\P) = \fm )  + ^,5 \fm ,  m) + \ggq, g) + ■■■ (3.18)
where the (i = V, qq, . . . )  are Light Cone Wave Functions (LCWF) of the pro­
ton, through which the proton state naturally couples to the ith  Fock state. For 
a particular N-parton Fock state, the LCW F (such as for the N  =  3 valence 
state) depends on parton momenta relative to the proton, as well as the flavour, 
color and spin of the partons which make up the state.
For the purpose of parameterising the G PD ’s, only the soft parts of the 
LCW F’s are im portant. This implies removal of the perturbative tails of the 
wave functions, which are associated with large intrinsic transverse momenta 
and, therefore, with hard gluon exchange. One can then assume a simple LCW F 
with a Gaussian form for the transverse parton m om enta k_Li, which is consistent 
with the fundam ental assumptions of eq. 3.11:
/3 represents the spin-flavour combination and a  the transverse size param eter of 
the particular Fock state. The la tter tuns out to  be the only free param eter in the
The vector and axial-vector form factors can then be represented by an overlap 
integral of the wave functions of eq. 3.19. The resultant formulae (eq. 3.20) high­
light the clear link between G PD ’s and ordinary parton distributions as expressed 
in eq. 2.13, with R y  (t ) and R a (t ) reducing to q (:r) and A q (:r):
If the transverse size param eter is taken to be equal (a = — 0.8 GeV  *)
for the lowest, compact Fock states, the form factors can be explicitly calculated
state wave functions. These calculations can then be compared with the parame-
(3.19)
resultant model, and even this is limited to the physical range 0.8 to 1.2 GeV 1.
a
a
(3.20)
from the N  = 3 (valence) and N  = 5 (sea quark and gluon contributions) Fock
terisation of eq. 3.20 for all Fock states, with the parton distributions taken from
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Figure 3.5: t-dependence of the Compton form factors R y and R a for all proton 
Fock states (dashed line) based upon eq. 3.20 and a fit to the GRV parton distri­
butions )46l with a  =  1.3c*at. Also shown are models involving only the lowest 
proton Fock states (N=3, blue line and N=5, red line), which are based upon 
explicit wave function calculations with a = a ^ .
recent DIS analyses (GRV) [46], with a = 1.3a ^ .  The results for the three cases, 
obtained in ref. [42], are shown in fig. 3.5. While the shape of the form factors 
does not significantly vary between the three models, the inclusion of the higher 
(non-valence) Fock states of the proton results in an appreciable increase in the 
overall magnitude of both Ry  and R a -
The tensor form factor R t , however, cannot easily be modelled using this 
technique, as both Rt and the underlying GPD E  (x, 0; t) involve configurations 
where the individual parton helicities do not sum to the proton helicity. That 
is to say, they are naturally associated with configurations which have non-zero 
quark orbital angular momentum, and since very little is known about LCWF's of 
this type an alternative method is required. That the tensor form factor involves 
quark orbital angular momentum should be clear from the fact that the proton 
helicity-flip amplitude in eq. 3.14 is controlled by R t , as well as from J i’s sum 
rule of eq. 2.14.
The authors in ref. [37] have argued that an estimate of the magnitude of the 
tensor form factor is possible due to the close analogy between the Compton ratio 
R t / R v and its electromagnetic equivalent F2/F \ at large x and —t. This implies 
that the Compton form factor ratio should exhibit behaviour which is consistent 
with the recent observation [33,34] that F2/F \ scales as A/ y /—t. This, in turn, 
has led to the introduction of the parameter nt  as a measure of the relative size
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of the tensor and vector form factors:
(3.21)
3.3.3 Predictions
To make predictions based upon the form factor estim ates of eq. 3.20 and 3.21, one 
must transform  the light-cone helicity amplitudes of eq. 3.13 and 3.14 to  the more 
familiar CM helicity basis. This has been done in ref. [37], where, in addition, 
the hard subprocess helicity am plitudes of eq. 3.15 have been calculated at Next- 
to-Leading Order (NLO) in a s. The corresponding predictions for the differential 
cross section (again scaled by s6) and the initial-state helicity correlations, A ll 
and A l t , are shown in fig. 3.6. Agreement with the available cross section data 
is better than  a factor of two, which is a considerable improvement on the best 
pQCD predictions. There is also an apparent mimicking of the scaling behaviour 
predicted by the constituent counting rules of eq. 3.4. This arises in the handbag 
description not through fundamental scaling arguments as before, but due to the 
broad m axima in the Compton form factors around —t = 8 (G eV/c)2 observed in 
fig. 3.5.
The latest predictions for the spin observables a t a photon energy of 5 GeV  are 
shown for calculations carried out with two different values of k,t - The case kt = 0 
involves no proton helicity flip, whereas kt  = 0.37 corresponds to the estim ate
based upon the electromagnetic form factor ratio. The predictions for A ll in
the handbag approach, which show th a t it is not particularly sensitive to proton 
helicity flip, differ notably from the pQCD predictions a t large angles. A l t -> on 
the other hand, is far more sensitive to the choice of k t , and is predicted to be 
small in both  cases. The presence of non-zero proton helicity flip introduces one 
further complication: the initial and final state  spin observables may no longer be 
equated, as in the leading twist factorisation (eq. 3.9). Instead, the equivalence 
is only true to  an accuracy dependent on the relative size of flip and non-flip 
amplitudes. Hence:
K ll =  A ll +  O (k t ) ,
K lt — —A lt +  O {k t ) ? (3.22)
This introduces significant theoretical uncertainty in the predictions for the po­
larisation transfer components in the soft overlap framework.
y /—t R t  _ 
k,t =  ——  —— — 0.37. 
2m R y
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Figure 3.6: Latest soft overlap predictions [37,47/. Top: differential cross section, 
compared with Cornell data [30/. Bottom: spin observables A ll (blue) and A lt 
(red) for the cases, kt — 0.37 (dashed) and kt — 0 (solid).
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3.4 Other Recent Calculations
In this section we briefly highlight some other recent theoretical calculations for 
proton Compton scattering which further challenge some of the key assumptions 
th a t are inherent in the pQCD and soft overlap approaches. One feature is 
common to both these models: non-perturbative quarks and gluons are essential 
in successfully describing the scattering process.
3.4.1 Relativistic Quark Models
As discussed in sec. 3.3.2, the difficulty in treating the Compton tensor form factor 
is related to the problem of LCW F definitions in proton helicity-flip situations. 
This manifests itself most decisively with respect to the present measurement in 
the resulting relationship between the predicted initial-state observables and the 
measured polarisation transfer components (eq. 3.22). While this is the cause 
of some concern in the soft overlap approach, models of the proton have been 
formulated where the effects of quark orbital angular momentum are taken into 
account. Indeed, consideration of quark orbital angular momentum, as in Miller’s 
Light-Front Cloudy Bag Model (LFCBM), is vital to the successful account of 
the JLab electromagnetic form factor data  for the proton [48,49].
There have been several incarnations of constituent quark models of the nu­
cleon, starting with the M.I.T. bag model [50] in which the nucleon is modelled 
by three constituent quarks confined within a spherical potential. These con­
stituent quarks are simply valence-quarks dressed by non-valence configurations 
of the nucleon, such as the sea-quarks and gluons, and therefore have a much 
larger effective mass. Constraints due to nucleon properties a t low momentum 
transfer, where the dynamics is governed by effects such as spontaneous chiral 
symmetry breaking, led subsequently to the family of cloudy bag models [51], 
wherein extra degrees of freedom are added by including a pion field at the bag 
surface. Finally, the application to data  at high momentum transfer naturally 
requires a relativistic treatm ent of the constituent quarks, which is achieved by 
performing the calculations in a Poincare invariant framework using light-front 
dynamics.
The relativistic constituent quark calculations for Compton scattering [52] 
involve evaluating the handbag diagrams of fig. 3.4 in an impulse approximation. 
The resultant reaction am plitude depends on nucleon wave functions obtained 
from the LFCBM, neglecting the effects of the pion cloud which are unim portant
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Figure 3.7: Predictions for the longitudinal spin observables K ll (green) and A LL 
(blue) from the latest LCFBM calculations [52, 53[.
at high momentum transfer. The model parameters which give rise to these wave 
functions have previously been constrained by the JLab proton form factor data in 
the same kinematic regime [49]. Significant contributions to the wave functions 
from states involving non-zero quark transverse and orbital angular momenta 
arise precisely because of the relativistic nature of the calculations.
Reasonable agreement with the differential cross section data of ref. [30] has 
been obtained with minor modifications of the effective quark masses [52]. The 
same wave functions have also been used to make predictions for the proton 
spin observables defined in eq. 3.8, with the initial and final state observables 
calculated separately (unlike the previous two calculations). The longitudinal 
polarisation predictions can be seen in fig. 3.7: a large positive value has been 
predicted for the polarisation transfer, K Ll , similar to the soft-overlap prediction. 
Conversely, both transverse observables are expected to be zero in this model 
(K it  =  A lt =  0). By far the most striking feature of the longitudinal predic­
tions is the significant inequality between K ll and A ll> which becomes more 
pronounced as one moves to larger backwards angles. The fact that K ll /  A ll 
is a direct consequence of proton helicity flip and, therefore, it is evidence for 
large contributions from states within the model involving non-zero quark orbital 
angular momentum.
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Figure 3.8: Predictions of the observables A n  (left) and A lt (right) from calcula­
tions based upon VMD and Regge exchange mechanism /55/. The full prediction 
(red) involves the contributions from both u-channel baryon exchange and two- 
gluon exchange in the t-channel. The contribution from only the latter is shown 
in green.3.4.2 Rege Exchange Mechanism
One assumption implicit in all previous calculations is the point-like photon- 
parton (7 q) coupling in the hard scattering subprocess. At presently accessible 
photon energies, however, this assumption becomes rather tenuous due to the 
fact that the photon is not the clean, purely electromagnetic probe that has been 
assumed thus far. Within the constraints of the uncertainty principle it is possible 
for the photon to fluctuate into quark/anti-quark pairs, resulting in an interaction 
which will then resemble a purely hadronic process. This fluctuation and the fact 
that the photon has the quantum numbers of a vector meson (p, 0  and cj) is 
the basis of Vector Meson Dominance (VMD) [54]. Indeed, the lifetime of the 
hadronic component of a photon at 4 GeV  corresponds to a fluctuation into a p 
meson over a distance scale of around three times the size of the nucleon - very 
far from a point-like coupling.
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Working with vector meson photo-production data, Cano and Laget [55,56] 
have achieved reasonable success using a mechanism based upon a Regge descrip­
tion of the hadronic interaction between vector meson and proton. The Regge 
model of strong interactions was the predecessor of QCD, wherein the am plitude 
of a particular process can be viewed as an exchange of Regge trajectories, which 
represent the superposition of all possible particles th a t can be exchanged [57]. 
In the case of vector meson production at moderate momentum transfer, it turns 
out th a t the data  is well described by interactions and exchanges involving con­
stituent quarks and gluons. In this model, two non-perturbative (or dressed) 
gluons are exchanged in the t-channel and interact with two different quarks 
within the proton. This process alone does not satisfactorily describe the data  
over the full kinematic range; instead, it is necessary to include Regge trajectories 
based upon t-channel meson exchange at forward angles, and u-channel baryon 
exchange at backwards angles.
The same approach can be applied to proton Compton scattering, where the 
outgoing photon can be formed in a similar interaction through an interm ediate 
vector meson state. No additional model param eters are required to  relate the 
photon and meson production amplitudes. All th a t is necessary to combine the 
two data-sets is a normalisation of the Compton observables involving the radia­
tive decay constant of the p meson. Note th a t the predictions obtained from this 
model are based upon adjusting the parameters to fit the available data. As a 
result, good agreement has been achieved for the differential cross section d a ta  of 
both vector meson production and Compton scattering. The predictions which 
have been calculated using the same model param eters for the Compton spin 
observables, A ll and A l t , are shown in fig. 3.8.
3.5 Summary
From a general discussion in the previous chapter on the progress made in under­
standing the nucleon, through the introduction of hard exclusive processes and 
the G PD ’s which are associated with them, we have tried to  place the present 
measurement of polarisation transfer in proton Compton scattering in the ap­
propriate context. It should be clear from the discussion in this chapter th a t 
the paucity of Compton scattering data  in the high momentum regime is not 
reflected by the intense theoretical activity in recent years. Indeed, four distinct 
theoretical approaches have been discussed, which involve two fundam ental reac-
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Figure 3.9: All currently available predictions for polarisation transfer K n  from  
pQCD (green), soft overlap (blue), LFCBM (red) and Regge exchange (magenta) 
calcultions. The vertical dotted line shows the value of 0 cm at which the present 
measurement took place.
tion mechanisms relating to the means by which the momentum is transferred to 
the proton as a whole:
1 . The leading twist pQCD factorisation, where the momentum is shared 
amongst three valence-quarks via two hard gluon exchanges.
2 . The handbag factorisation, which involves distribution of the momentum 
from a single active quark to the rest of the proton through overlaps of soft 
light-cone wave functions.
While there is widespread acceptance that the transition to the purely pertur- 
bative regime is likely to occur at larger momentum transfers than presently 
available at Jefferson Lab, there is, as yet no definitive evidence to distinguish 
which of these two mechanisms, if any, is dominant in the few GeV range.
The various predictions for the longitudinal polarisation transfer component 
K il  are shown in fig. 3.9; the contrast between the pQCD and handbag pre­
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dictions a t large scattering angles could hardly be more pronounced. For this 
reason, a measurement of K ll for an incident photon energy of 3.2 GeV  and a 
scattering angle of ©cm =  120° has taken place in Hall A a t Jefferson Lab. Along­
side the question of the dom inant reaction mechanism, Compton scattering has 
the potential to reveal a great deal more about the non-perturbative structure 
of the proton, with the Compton form factors of eq. 3.16 allowing access to the 
underlying G PD ’s. These, in turn, provide complementary information to the 
already available electromagnetic form factors and DIS parton distributions. The 
real Compton scattering program at Jefferson Lab is described in the following
t
chapter and, in addition to  the polarisation transfer, involved precise measure­
ment of the differential cross section. It is believed th a t the combined da ta  from 
this experiment will ultim ately provide a model-independent determ ination of all 
three Compton form factors.
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Chapter 4 
Experimental Apparatus
The Jefferson Laboratory Hall A experiment E99-114, Real Compton Scattering 
(RCS) from the proton [58], ran from January to  March 2002. The main aims of 
the experiment were:
1. To measure the differential cross section for the £>(7 , rfp) reaction over a 
broad range of scattering angles.
2. To determ ine the recoil proton polarisation transfer observables a t a single 
kinematic point.
The experimental technique, shown schematically in fig. 4.1, is common to both 
types of measurement. Specifically for the la tte r case, a continuous-wave electron 
beam with energy 3.47 GeV  and current <  40 pA  was incident on a 6 % copper ra­
diator, producing a mixed beam of electrons and brem sstrahlung photons, which 
were then scattered from a 15 cm  liquid hydrogen target. For incident photons 
near the brem sstrahlung endpoint (with an average photon energy of 3.22 GeV), 
a final state  proton and photon were detected in coincidence using a magnetic 
spectrom eter and photon calorimeter, respectively. The magnetic spectrometer, 
located a t a laboratory angle of 20°, is one of the pair of standard Hall A high 
resolution spectrometers and was equipped with a focal plane polarimeter. Scat­
tered photons with a mean laboratory angle of 65° (Ocm =  120°) were detected in 
a highly-segmented electromagnetic calorimeter built specifically for this experi­
ment. The combined angular precision of the two detectors had to be exceptional 
to distinguish between the Compton photons and those due to the dom inant 
p ( 7 , 7r°p) background reaction, while a magnet between target and calorimeter 
was required to identify and reject the kinematically indistinguishable p (e, e'p) 
events.
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Figure 4.1: Schematic of the experimental layout for E 9 9 -llf in Hall A at JLab.
4.1 T he T hom as Jefferson N atio n a l A ccelerator 
Facility
In the mid 1980’s, it was becoming clear that a dedicated laboratory to study 
hadronic structure and nuclear properties at the sub-nucleonic level, at ener­
gies of a few GeV, was of primary importance to the subatomic physics commu­
nity. Design and commissioning of such a facility was undertaken jointly by the 
U.S. Department of Energy and the Southeastern Universities Research Associ­
ation (SURA). Scientific data were first taken in 1995 at the Thomas Jefferson 
National Accelerator Facility (Jefferson Lab or Jlab) in Newport News, Virginia. 
It has since matured to become the world’s premier facility for studying the transi­
tion from baryon-rneson degrees of freedom to the more fundamental quark-gluon 
picture.
The Continuous Electron Beam Accelerator Facility (CEBAF) at JLab [59] 
is a unique tool, designed and built to deliver a high quality, continuous-wave 
electron beam to three experimental halls simultaneously. A diagram of the 
machine is shown in fig. 4.2. Electrons are injected at a few MeV into the main
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accelerator consisting of two anti-parallel linear accelerators (or linacs), linked by 
nine recirculation beam lines in a race-track configuration. Recirculation of the 
beam is possible up to five times for maximum beam energy, or it can be extracted 
after each complete pass and delivered to one or more of the experimental halls 
A, B and C.
20 Cryomodules
V
20 Cryomodules
Figure 4.2: The CEBAF machine at Jlab: a race-track configuration with 20 
cryomodules per linac and nine recirculation arcs.
At the time of construction, CEBAF was the largest superconducting radio 
frequency (s.r.f.) project in the world. Each linac consists of 20 cryomodules, each 
of which contain four Niobium s.r.f. cavities cooled by hundreds of litres of liquid 
helium at 2 K . The major advantage of superconducting technology over more 
traditional means is that much less r.f. power is needed, as no heat is produced by 
ohmic processes within the cavities. Thus the machine may be operated continu­
ously, as opposed to the pulsed operation necessary in a room temperature linac 
to avoid meltdown. The magnetic optics that form the recirculation arcs and 
beam transport sections to the halls consist of a myriad of dipole, quadrupole, 
sextapole and septum elements. The original design goals for an acceleration of 
0.4 GeV  per linac have been surpassed, and CEBAF is now capable of delivering 
beam energies ranging from a few hundred M eV  to 5.7 GeV, at currents of up 
to 120 pA  in Halls A and C and ~  1 nA  in Hall B, where detection systems limit,
42 Chapter 4. Experimental Apparatus
luminosity.
The polarised electron beam gives access to a wealth of spin observables. It 
is produced by light from three 499 M H z  r.f. gain-switch diode lasers, incident 
on a strained gallium arsenide (GaAs) photocathode under high vacuum. These 
lasers produce three interlaced beams at the source, spaced by 120° of r.f. phase 
and accelerated in a common 1497 M H z  field. The use of r.f. separators a t the 
hall entrances allows beam buckets, each with different charge and polarisation 
states, to be delivered to the three halls simultaneously. Two electro-optical 
devices called Pockels cells, one used as a quarter-wave plate and the other as a 
half-wave plate, are used to produce circularly polarised laser light, which causes 
photo-emission of longitudinally polarised electrons from the GaAs. The degree of 
polarisation a t the halls can be up to 85 %, and is compensated for spin precession 
in the beam transport systems by varying a Wien filter (spin rotator) a t the 
source. Adjusting the voltage on the quarter-wave Pockels cell, pseudo-randomly 
at a rate of 30 H z , results in a corresponding flip in the longitudinal direction of 
the electron spin so th a t it is either parallel or anti-parallel to the direction of 
propagation (i.e. ±  beam helicity).
4.2 Experimental Hall A
Hall A is the largest of the three experimental halls a t Jefferson Lab. It contains 
two optically identical High Resolution Spectrometers (HRS) located on either 
side of the electron beamline, which can be rotated about the target position over 
a wide range of angles. Between the beam switch-yard and the target (which sits 
at the centre of the hall) there are various devices to monitor and measure beam 
conditions. A much fuller description of the standard apparatus in the hall can 
be found in ref. [60].
4.2.1 Beamline Apparatus
Electron beam param eters are measured by several devices situated along the 
beamline, upstream  of the target, near the entrance to the hall. Measurements 
of position, current, energy and longitudinal polarisation are possible, with some 
intentional redundancy to allow cross checking. Some typical beam param eter 
values for the present experiment and the uncertainties associated with their 
measurement [61] are given in table 4.1.
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Beam Param eter Beamline Measured Accuracy (absolute)
Device (s) Value
Position (at target) B PM /H arp - 140 pm
Direction (at target) B PM /H arp - 30 pr
Current BCM 40 pA < 2 x 10"3
Energy A RC/ep 3.471 GeV 2 x 10"4
Polarisation Mpller 0.766 0.026
Table 4.1: Typical values measured for the various electron beam properties de­
scribed in the text, together with the associated uncertainties.
Two Beam Position Monitors (BPM), located about 7 m and l m  upstream  
of the target, provide information on the position and direction of the beam, 
both on an event-by-event and time averaged basis. A BPM consists of four 
antennae surrounding the beamline in a diamond configuration. As it passes, 
the electron beam induces a signal in the antennae which can be measured and 
used to accurately reconstruct its position. The BPM ’s are complemented by 
the presence of several wire (harp) scanners in the beamline, which are regularly 
surveyed with respect to  absolute Hall A coordinates and used to cross-calibrate 
the BPM devices.
Two cylindrical resonant cavities, tuned to the radio frequency of the electron 
beam and situated about 24 m upstream  of the target, form the Hall A Beam 
Current Monitors (BCM). A coaxial loop antenna inside each cavity detects the 
resonant magnetic field produced when a beam bucket passes. The effective 
charge in the bunch is proportional to  the size of the field and thus to the signal 
produced in the antenna. This signal is then recorded using a voltage-to-frequency 
converter and scaler.
To measure the absolute value of the energy of the electrons in the beam, 
two distinct methods are employed. Firstly, eight dipole magnets between the 
beam switch-yard and the hall entrance deflect the electrons through a nominal 
angle of 34.3°. Wire scanners before and after the magnets accurately determine 
this angle, which along with the measured arc field integral f  is used to
calculate the electron momentum. The second technique utilises the p(e,e'p) 
reaction and a purpose built silicon strip detector located 17 m from the centre 
of the hall. A polyethylene (CH 2) target is placed in the path  of the beam and 
the scattered electron and recoil proton tracks are measured in the strip detector. 
From a straightforward analysis of the kinematics of this reaction the incoming
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electron energy can be reconstructed.
Finally, measurements of physical polarisation observables depend critically 
upon accurately determining the degree of polarisation of the incident electron 
beam. An intrusive way to  measure this is by using the Mpller polarimeter. 
This device makes use of the asymmetry in Mpller scattering of polarised beam 
electrons from atomic electrons in a magnetized target foil. Both are detected 
in coincidence by the lead-glass counters of a small magnetic spectrometer, con­
sisting of three quadrupoles and a dipole m agnet [62]. The asymmetry in the 
scattering cross section due to the longitudinal component of the beam polari­
sation, along with the foil target magnetisation, are then used to compute the 
beam polarisation. The relative systematic uncertainty associated with such a 
measurement is around 3%, which is mainly attributab le  to the uncertainty in 
the target magnetisation. A single measurement of this type was made during 
the present experimental program, the results of which together with a discussion 
on the stability of the beam polarisation can be found in Appendix B.
4.2.2 Cryogenic Target System
The Hall A cryogenic target system [63] consists of three independent fluid trans­
fer loops: liquid hydrogen (LH 2), liquid deuterium  (LD 2 ) and gaseous helium. 
Two liquid hydrogen targets were used in this experiment, one of which had a 
bremsstrahlung radiator attached.
The hydrogen target cells, together with a selection of dummy and solid ta r­
gets, are mounted on a vertical ladder inside the scattering vacuum chamber 
which can be moved remotely. The chamber has entrance and exit ports for the 
beam and 0.38m m -thick aluminium windows spanning the full angular range 
covered by the spectrometers (12.5° <  Q h r s  < 165°). Target gas is supplied 
a t room tem perature and cooled by liquid helium at 15 K . Coolant supply is 
regulated by a separate Joule-Thomson (JT) valve for each loop. A high power 
heater and circulating fans operate on a feedback system to m aintain a steady 
tem perature and pressure as the beam current, and therefore the heat load on 
the target, varies. W ith the high beam currents available in Hall A, the small 
beam diameter, and hence the highly localised heat deposition, are capable of 
causing local damage to the cell. To prevent this happening, the beam  is rastered 
(scanned back and forth at frequencies of 17 — 24 kH z)  in the horizontal and 
vertical directions by two dipole magnets 17m  upstream  of the target.
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The liquid hydrogen targets themselves are contained w ithin cylindrical alu­
minium cells, 15 cm  long and 63.5 m m  in diameter. The thicknesses of the up­
stream  window, downstream window and side wall of the cells are 71 pm , 102 pm  
and 178 pm, respectively. The operational tem perature is 19 K  and the pres­
sure is 0.17 M Pa, corresponding to an average density of 0.0723 gcm~z. The 
bremsstrahlung radiator, attached directly upstream  of one of the target cells, 
consists of a set of copper foils of to tal thickness 0.81 gcm~2, which is equivalent 
to ~  6% of one radiation length.
M ixed e_/7 beam
Coincident measurements involving processes a t high momentum transfer are 
characterised by low cross sections and therefore require very high luminosity and 
moderately large acceptance detectors to achieve reasonable statistical accuracy. 
In the present case, the means of achieving a sufficiently high incident photon 
flux was to use brem sstrahlung produced in the Cu radiator. This necessarily 
meant th a t there was a mixed electron/photon beam on target, as no means were 
available to sweep away the electron beam.
When a light charged particle, such as an electron, interacts with the electric 
field of an atomic nucleus, it is accelerated by the strong localised field and 
produces radiation in the form of real photons. This process is known as braking 
radiation or bremsstrahlung. It is the dominant process by which high energy 
electrons interact with m atter and lose energy. The energy loss is proportional to 
Z 2E /m ?, where Z  is the atomic number of the radiator m aterial and E  and m  are 
the energy and mass of the electron. An essential feature of the brem sstrahlung 
process with regard to the present measurement is the fact th a t the polarisation 
of the electron is almost completely transferred to  the photon (see Appendix B).
The energy distributions of photons and post-brem sstrahlung electrons pro­
duced by a monochromatic electron beam incident on a copper rad iator [64] are 
shown in fig. 4.3. The energy of the incoming electrons define the brem sstrahlung 
endpoint energy. It is clear from this figure th a t the ratio of electrons to  photons 
a t the endpoint is at a maximum value (if, as in the present case, the probability of 
multiple processes is low). Because the process under investigation involves elas­
tic scattering kinematics, the position and acceptance of the HRS and calorimeter 
in the hall uniquely define an incident particle energy range (Emax — Emin). For 
production data-taking periods the detector position, and hence this range, was
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Figure 4.3: A typical bremsstrahlung energy spectrum for photons (red) and elec­
trons (blue). The energy of the electron beam is labelled as the endpoint energy; 
the range Emin —> Emax is determined by the position and acceptance of the de­
tectors.
chosen to be significantly below the endpoint energy1 (the so-called off-endpoint, 
kinematics). This choice was motivated by the need to reduce the number of 
background elastic electron-proton (ep) scattering events within the acceptance 
of the detectors, although a balance had to be reached between avoiding the 
endpoint electrons and ensuring there was a sufficiently large flux of high energy 
photons.4.2.3 High Resolution Spectrometer
Both HRS devices were designed to have moderately large acceptance in both 
angle and momentum, acceptance for extended targets and very high resolution 
of momentum, in-plane angle and position. In the current experiment, the spec­
trometer situated on the left-hand side of the beamline (with respect to incoming 
beam direction) was used to detect the recoil proton. The other spectrometer 
was rotated to a large backward angle to make wray for the photon calorimeter 
and the accompanying electronics and cables.
The magnetic elements of the HRS consist of three superconducting cos 26
'I t  is worth noting that E max was chosen to be around 100 M e V  below the endpoint, which 
is exaggerated in fig. 4.3.
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VDC Plane 1
Central
Trajectory
Figure 4.4: A side view showing the magnetic layout of the HRS. All magnet 
dimensions represent the effective field boundaries.
quadrupoles and a superconducting indexed dipole, in a QQDnQ arrangement 
(fig. 4.4). The dipole has a vertical bend of 45° which decouples, in first, order, a 
measurement of momentum from a measurement of target position. It provides 
focusing in the vertical plane by a non-uniform radial field component due to 
its trapezoidal cross section. Quadrupole Q i also focuses in the vertical plane, 
whereas Q2 and Q3 both provide vertical defocusing. All four magnets are refrig­
erated bv liquid helium at a temperature of 4.5 A'. For a given value of central 
momentum the field values in each magnet are set remotely using automated 
control software. The fields are measured and monitored by Nuclear Magnetic 
Resonance (NMR) probes in the dipole and Hall probes in the quadrupoles. The 
magnetic characteristics of the HRS-left are shown in table 4.2.
Momentum Resolution 2 x 1(T4
Momentum Range 0.3 -  4.3 GeV/c
Momentum Acceptance ±4.5%
Angular Acceptance Horizontal ±  28 mr
Vertical ±  60 mr
Angular Resolution Horizontal 0 .6  mr
Vertical 2 .0  mr
Table 4.2: Spectrometer characteristics of the HRS-left.
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The detector pacakage is housed within a shielding hut and is located on top of 
the HRS structure, immediately after Q3, at the spectrometer focal plane. The 
flexibility of the HRS detector configuration means it can be tailored to the needs 
of individual experiments. For the present experiment, an extended version of 
the standard hadron focal plane stack was used on the left-arm (fig. 4.5). The 
detector package was composed of:
• Two Vertical Drift Chambers (VDC) for precise tracking of the proton tra-
• A Focal Plane Polarimeter (FPP) for measuring recoil proton polarisation. 
It consists of two sets of straw chambers and two analyser blocks, and is 
described below in sec. 4.3.
• Three scintillator planes for trigger and time-of-flight information. These 
detectors are discussed in relation to the experimental trigger in sec. 4.5.1.
• An aerogel threshold Cerenkov and a lead-glass shower counter, both for 
particle identification. Neither of which were used in the polarised part of 
the measurement.
jectories.
I.Glass Shower
Hack DC
Figure 4.5: Diagram of the HRS-left detector package used during the current 
measurement. The individual components are described in the text.
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V e rtic a l D rif t  C h a m b e rs
The VDC’s [65] are the most crucial piece of the Hall A detector arsenal. Com­
bined with knowledge of the optical transfer properties of the spectrometer, the 
VDC hit coordinates are used to reconstruct the proton trajectory, reaction ver­
tex and momentum at the target (this procedure is discussed in sec. 5.2). Located 
between the third quadrupole and all other detectors, they are mounted paral­
lel to the hall floor on two rails attached to the spectrometer support structure, 
and aligned to an accuracy of around 100 pm. Physically, the chambers are ap­
proximately 240 cm long, 40 cm wide and 10 cm high, covering an active area of 
211.8 x 28.8 cm2. Their relative orientation is shown in fig. 4.6. Each chamber 
contains two wire planes (u and v) with a total of 368 gold-plated tungsten wires 
per plane, orientated at +45° and —45° relative to the central trajectory. Gold- 
plated Mylar cathode planes are located between the wire planes and operated 
at a high voltage of —4.0 kV. A mixture of 62% argon and 38% ethane flow 
through the chambers at a rate of 5 litres per hour.
Uppci VDC
0.335 m
nominal 45° panicle uajectoiy
nom inal 45° p a n ic le  u a je c to ty
Figure 4.6: The postion of the VDC’s relative to each other, and to the nominal 
central trajectory.
When a charged particle passes through one of the chambers, it ionises the 
gas atoms and produces a trail of electrons and ions. Far from a sense wire, 
where the electric field between wire and cathode is uniform and parallel, elec­
trons drift toward the wire with a constant velocity. As they get closer, the field 
has a stronger radial nature, causing them to accelerate and produce a secondary
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electron avalanche. This avalanche generates a negative pulse on the wire which 
is processed by a pre-amplifier/discrim inator card. The logic output of each dis­
crim inator is sent to a m ulti-hit (LeCroy Fastbus 1877) Time-to-Digital Converter 
(TDC). The measured drift tim e and known electron drift velocity can then be 
used to  calculate the perpendicular distance between wire and particle track. A 
typical track generates signals in about five wires per plane. The position reso­
lution a t the focal plane is approximately 100 pm  and the angular resolution is 
~  0.5 mr.
4.3 Focal Plane Polarimeter
Extracting information on the recoil proton polarisation requires a measurement 
of the polarisation components a t the focal plane, coupled with an understanding 
of the nature of spin precession in the spectrometer magnetic fields. The Hall A 
device for measuring the focal plane proton polarisation, by means of secondary 
nucleon scattering in an analyser, is the F P P  [66].
4.3.1 Recoil Proton Polarimetry
W hen a proton scatters from another nucleon, a spin-orbit coupling in the strong 
interaction between the two results in a sensitivity to the direction of the incom­
ing proton spin. For a sample of incoming protons with their spins preferentially 
aligned in a given direction, this gives rise to  an azim uthal asymm etry in the 
observed direction of scattering. The sample, however, will be strongly contami­
nated by events where the proton scatters via the electromagnetic interaction in 
the analyser, often referred to as Coulomb or multiple scattering. These events 
differ from those of interest because they exhibit no explicit dependence on the 
initial state  of the proton spin and are characterised by a narrower spread (<  5°) 
in polar scattering angle. The technique of utilising secondary scattering to ex­
trac t polarisation observables is in general use for protons [67,68] as well as for 
neutrons [69]. The common features of these polarimeters are tracking devices 
before and after an analyser, to precisely measure and reconstruct events which 
scatter in the analyser material.
The Hall A F P P  has been used in numerous experiments to ex tract meaningful 
da ta  on proton polarisation a t the spectrometer focal plane. In  its standard 
configuration it consists of two sets of straw-tube drift chambers, which measure
51 Chapter 4. Experimental Apparatus
proton trajectories before and after the protons pass a 51 cm -thick carbon analyser 
block. For the first time, however, a new dual analyser configuration of the 
F P P  was used during the present measurement, with a 44 cm-thick polyethylene 
(CH2) analyser placed before the first set of straw chambers. It is common 
with such devices to speak of the Figure-Of-Merit (FOM), which is simply a 
combined measure of efficiency and analysing power. The efficiency arises from 
the effectiveness and geometric size (relative to  the analysers) of the tracking 
devices, whereas the analysing power is a property of the analyser m aterial and 
is related to the strength of the spin-orbit coupling. The addition of the CH 2 
analyser was m otivated by a desire to increase the overall FOM by effectively 
producing two independent polarimeters.
4.3.2 Choice of Analyser
For safety, cost and efficiency considerations carbon was originally chosen as the 
standard analyser m aterial in the FPP. It has a maximum thickness of 513 mm 
and is composed of five individual blocks of high purity graphite (each with a 
different thickness). As experiments have moved to taking data  a t higher pro­
ton momenta (>  2AG eV /c ), where the carbon analysing power begins to fall 
sharply, other alternatives have been considered. In a recent double polarisation 
measurement of the proton form factors [70], where the proton momentum range 
was 2.6 — 3.8 G eVjc , a CH 2 analyser replaced the carbon for the first time. W ith 
the carbon completely removed, two blocks, amounting to a to ta l thickness of 
100 cm of CH 2, were accommodated within the focal plane between the front 
and rear straw chambers. The resultant improvement in the FOM was significant 
compared to the use of carbon [71]. However, subsequent results from tests at 
Dubna [72] in this proton energy range dem onstrated th a t a reduction in the to tal 
thickness of the CH 2 to  40 cm had almost no im pact on the size of the analysing 
power.
These two considerations, therefore, led to the conclusion th a t the optimum 
device for measurements a t higher proton momenta would consist o f two analysers 
in the focal plane, and utilise the pre-existing proton trajectory d a ta  obtained 
from the VDC’s. W ith minimal hardware changes involving re-positioning of 
components, a dual analyser configuration of the F P P  (see fig. 4.7) was used to 
extract the polarisation observables in the present measurement. In  this arrange­
ment, the protons can be scattered in either the C H 2 or carbon analysers, with
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the VDC’s and front and rear straw chambers used to track the proton before, 
between and after the analysers.
Front Straw Rear Straw
VDC Chambers Chambers
44cm Polyethylene 51 cm Carbon
Analyser Analyser
Figure 4.7: Dual analyser configuration of the Hall A FPP. Also shown in the 
diagram, are the definitions of the focal plane proton polarisation (P fpp), and the 
polar (d) and azimuthal (if) scattering angles.
4.3.3 Straw Chambers
Reconstructing the scattering angles in the analyser material requires precise 
knowledge of the proton trajectories before and after the analyser. Two sets of 
FPP straw chambers were originally built for this purpose and in the present 
experiment, they, together with the standard HRS VDC’s (sec. 4.2.4), are used 
for polarimeter tracking.
Chambers 1 and 2 form the first (front) pair and are identical in design. To 
provide redundancy they consist of three u and three v planes, orientated at 
+45° and —45° to the dispersive (vertical or x) direction. The rear chambers, by 
comparison, are significantly larger than their front counterparts to ensure almost 
complete coverage for events scattered in the carbon with a polar angle < 2 0 °. 
The six planes which make up chamber 4 have the same orientation as the front 
chambers, but, to resolve events where there may be multiple tracks, chamber 3 
was designed with two u, two v and two x planes. The active area covered by 
each chamber is given in table 4.3.
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F P P  Chamber 1 209 X 60 cm
F P P  Chamber 2 209 X 60 cm
F P P  Chamber 3 268 X 124 cm
F P P  Chamber 4 298 X 144 cm
Table 4.3: Active area covered by the four FPP straw chambers.
Each plane consists of a set of cylindrical tubes (straws) of radius 5 m m  with 
a thin wire strung along the axis of each tube. A high voltage of ~  1.9 kV  is 
applied to each wire, and a gas with a similar mixture to the VDC’s is flowed 
through each individual straw. These chambers work on the same principle as 
the one described previously in sec. 4.2.4. A proton ionises gas atoms leaving a 
trail of electrons which produce a negative pulse on the wire a t the centre of each 
tube. Because the tubes form a physical ground, only one wire per plane will 
have a signal for a particular proton track. Therefore, signals from eight adjacent 
wires can be multiplexed, allowing a significant reduction in the required front- 
end electronics and overall cost. Each of the eight multiplexed channels has 
a different logic outpu t pulse width associated with it, and both  leading-edge 
and trailing-edge tim es of this logic pulse are recorded by a LeCroy 1877 TDC. 
Thereby, the drift distance can be calculated from the leading-edge drift time and 
drift velocity, whereas the individual wire hit can be recovered from the difference 
between leading-edge and trailing-edge time.
4.4 RCS Photon Spectrometer
The Hall A photon spectrom eter was custom-built by the RCS collaboration for 
the specific purpose of detecting the scattered photon in this experiment. It was 
designed to have excellent position resolution to  discriminate between Compton 
photons and those produced in background processes, and also provide a means of 
identifying, and rejecting, the kinematically indistinguishable events from elastic 
ep scattering. The requirement for good position resolution was also consistent 
with the need for high granularity to keep counting rates in individual elements at 
a manageable level. The spectrom eter th a t was ultim ately used in the  experiment 
had two components: a highly segmented lead-glass electrom agnetic calorimeter 
and a deflection magnet.
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4.4.1 Electromagnetic Showers
As discussed in sec. 4.2.2, the dominant process by which high energy electrons 
lose energy is brem sstrahlung radiation. In comparison, the prevalent interac­
tion for high energy photons is electron-positron pair production. By these two 
mechanisms, an electron or photon interacting w ith m atter will produce a shower 
of lower energy photons and electrons until the energy falls below some criti­
cal value dependent on the properties of the m aterial. The resultant cascade of 
photons and electrons is known as an electromagnetic shower, and devices which 
accumulate the incident photon/electron energy by these processes are known as 
electromagnetic calorimeters.
The longitudinal evolution of the shower is described in term s of the radiation 
length of the m aterial in which the shower evolves. After one radiation length 
a bremsstrahlung or pair production interaction leads to a new generation of 
particles being produced. The critical energy of the shower constituents, €q, cor­
responds to the pair production threshold, below which energy loss by ionisation 
begins to dominate. In a simple model of shower development the penetration 
depth is given, in term s of number of radiation lengths, by
where E0 is the initial electron or photon energy. The other key m aterial de­
pendent property, which characterises the transverse spread of the shower, is 
the Moliere radius. The lateral spread of an electromagnetic shower prim arily 
emanates from Coulomb scattering of the shower electrons.
The best m aterials for electromagnetic calorimeters are those with high atomic 
number, and in this particular instance lead-glass (type TF-1) was used. Its rel­
evant properties [73] are shown in table 4.4. Any charged particle traveling in 
an optically transparent m aterial with a velocity greater than  th a t of light in the 
material produces Cerenkov radiation. This radiation takes the form of optical 
photons in the lead-glass, the to ta l number of which depends on the num ber of 
particles in the shower with velocity >  ciead-giass• By detecting and integrating 
these photons in a Photo-M ultiplier Tube (PM T), the to ta l energy in the shower 
can be reconstructed with reasonable precision. W here the calorimeter granular­
ity is sufficiently high so th a t the lateral spread of the shower penetrates several 
adjacent blocks, the centre of gravity of the shower can be used to determ ine the
(4.1)
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hit position to much better precision than the physical size of the blocks.
Density p 3.86 gem 3
Refractive Index n 1.65
Radiation Length X 0 2.5 cm
Moliere Radius R m 3.3 cm
Critical Energy cq 15 M eV
Table 4.4: Physical properties of TF-1 lead-glass.
4.4.2 Electromagnetic Calorimeter
A group led by the Yerevan Physics Institute designed and built the RCS total 
absorption electromagnetic calorimeter. It is made up of a total of 704 lead-glass 
blocks, with a FEU-84/3 PMT optically coupled to the rear of each block. The 
lead-glass is arranged in 22 columns and 32 rows, as shown in fig. 4.8, leading to a 
cross-sectional area of 128 x 8 8  cm2. It is housed within a light-proof containment 
structure with interlocked doors at the rear for easy access to the PM T’s.
yess-Fiyg-fcorgd Lilass 'MT Tuloe
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Figure 4.8: Diagram of the RCS calorimeter which shows the arrangement of the 
lead-glass blocks, the forced-air cooling system and the cabling, within the support 
structure.
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From the angular resolution requirements and the lead-glass properties shown 
in tab. 4.4, the individual blocks were chosen to  have the dimensions 4 x 4 x 4 0  cm3. 
They were wrapped in aluminised Mylar film and black Tedlar to ensure there 
was no exposure to  external light, which could seriously damage the PM T’s. 
Individual tubes were coupled to the lead-glass by optical grease and pressed into 
contact by springs attached between a grid of steel supports and the base of the 
tube.
The PM T is one of the essential tools in experimental physics. It is used to 
produce and amplify an electrical signal from optical photons, in this particular 
case from Cerenkov radiation in the lead-glass. The tube, kept under vacuum, 
consists of an optical window followed by a photocathode, which emits electrons 
when photons strike it with a typical quantum  efficiency of 20 — 25%. The 
electrons are then focused and accelerated through a series of dynodes producing 
secondary electron emission and hence amplification. The derived electron signal 
is ultim ately collected on an anode located a t the opposite end of the PM T 
relative to the photocathode. Proper operation of the tube requires reasonably 
high voltage gradients between dynodes, and in the present case a to tal voltage 
difference of 1600 V  was applied. The electrical output from each tube is sent 
to trigger logic and a Fastbus 1881 Analogue-to-Digital Converter (ADC), which 
digitises the charge accumulated over a specific tim e interval (the gate).
Because the gain response of each PM T is not identical, different tubes require 
different high voltages to produce the same signal am plitude for a given amount 
of incident light. A gain monitoring system was designed for calibration of the 
multiple high voltage channels supplying the calorimeter. To expose each PM T to 
approximately equal light levels, pulsed ultra-violet light from a nitrogen laser was 
incident on a plastic scintillator, acting as a wavelength shifter and removing the 
directionality of the laser light, the output from which was then transported in a 
series of optical fibres to  a plate of the transparent plastic Lucite. The calorimeter 
was illuminated by the light from this plate, which was located immediately 
adjacent to the calorimeter face, spanning its full cross sectional area. The process 
was fully autom ated, and operated remotely using Java control software and a 
LeCroy-1458 based high voltage system.
A support structure was designed to accommodate the calorimeter, the accom­
panying front-end electronics, the gain monitoring system, the forced-air PM T- 
base cooling system and the large amount of cables. It also facilitated movement 
of the entire assembly between the various kinematic points. Also for ease of
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movement the signal and high voltage cables (over two thousand of them) were 
placed on a series of bogies a t the rear of the calorimeter platform. Finally, small 
light sources a t the front and rear of the support platform shining vertically onto 
the hall floor were used to align the photon-arm  to marks painted on the floor. 
Only moderate accuracy of the positioning of the calorimeter was required, since 
the difference between expected and measured photon hit position, rather than 
the absolute position itself, is used in the event identification process. The marks 
for each kinematic point, produced by a survey of the experimental hall, provided 
the desired accuracy while allowing a simple and flexible m ethod for positioning 
of the spectrometer.
4.4.3 Electron Rejection
The mixed electron/photon beam was unavoidable due to luminosity considera­
tions. Consequently, however, it made necessary the identification and rejection 
of elastic ep scattering events. This is due to the fact th a t the calorimeter alone 
provides no means to distinguish whether a shower has been induced by a prim ary 
electron or photon hit, and the 7p and ep reactions are kinematically indistin­
guishable. Therefore, two distinct steps were taken:
1. Avoiding the large electron flux at the brem sstrahlung endpoint (as dis­
cussed in sec. 4.2.2).
2. The design and building of a deflection magnet.
The two-body kinematic relationship th a t describes both Com pton and elastic 
ep scattering allows one to use the detected proton da ta  to predict the angle at 
which the expected partner photon or electron will be detected. Inserting a 
magnetic field between the target and calorimeter, which will obviously deflect 
the negatively charged electrons while leaving the Compton photons undeflected, 
means this kinematic correlation will no longer hold for the ep events. This was 
the principal means by which the 7p/ep  separation was achieved at all points 
in the experimental program. To keep costs low it was decided th a t  a magnetic 
deflection of around 10 cm on the calorimeter face when it was at its closest 
position to the target was sufficient. In addition, since the magnetic field would be 
used purely to destroy the ep kinematic correlation, and not for any reconstruction 
purposes, a simple dipole magnet with a field perpendicular to the hall floor (in 
the positive y direction) was entirely adequate. The measured field map of the
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Figure 4.9: A map of the measured y-component of the deflection field as a func­
tion of xmagnet and zmagnet-
RCS magnet [74] as a function of the horizontal x  — z  coordinates for y  centered 
between the pole faces is shown in fig. 4.92. This shows, crucially, that the field 
is not uniform: its magnitude becomes larger as x magnet increases to compensate 
for the fact that electrons which elastically scatter at larger angles (and therefore 
at larger x magnet) have higher momentum than those which scatter at smaller 
angles.
4.5 D a ta  A cquisition
The standard Hall A DAQ system consists of a variety of CAMAC, NIM, Fastbus 
and VME electronics, as well as modules purpose built by the JLab electronics 
group. Software control and management of the hardware components is imple­
mented by the DAQ toolkit CODA (CEBAF On-line Data Acquisition [75]).
In the current experiment, the hadron arm trigger and readout electronics 
were part of the standard Data Acquisition (DAQ) system associated with each
2Zmagnet  points toward the centre of the calorimeter and x ma gnet  =  Vmagnet  x  z ma gnet  •
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HRS (there are also separate systems for the various beamline monitoring de­
vices described in sec. 4.2.1). The inclusion of the photon spectrometer required 
a completely new readout package, for which a new trigger scheme had to be 
designed. The hadron readout electronics were located within the shielding hut 
above the focal plane detectors in the HRS-left, while the photon arm electronics 
were positioned near the HRS on the left-hand side of the hall floor (the opposite 
side to the photon detector). The radiation levels within Hall A are sufficient 
to disrupt the operation of micro-electronic circuits and could cause long-term 
damage. To counter this, a large concrete shield was constructed in front of the 
photon-arm  electronics.
4.5.1 Trigger Scheme
The photon trigger is provided by the PM T signals from individual electromag­
netic calorimeter blocks, which are summed in the m anner highlighted in fig. 4.10. 
The electrical signals from each of the 2 x 4  sub-arrays of adjacent lead-glass 
blocks, excluding the outermost layer, are summed in a linear-summing module 
to give a sums signal. These, in turn, are further summed in overlapping groups 
of four to give a sum 32 signal, of which there are 56 in total. The 57/77732 signals 
are sent to discriminators which produce a logic pulse if the input signal is above 
a given magnitude. The photon singles trigger (T l), formed by taking the logical 
OR of the s 7/77732 signals, is produced only when the to ta l energy accumulated 
in the calorimeter is above a certain value (chosen to be around 300 M eV). The 
associated electronics are illustrated on the top left-hand side of fig 4.11.
Passage of a charged particle through an organic scintillator causes light pro­
duction which can be detected and accumulated in a PM T. The response of such 
detectors is extremely fast, so very good tim ing resolution is possible. For these 
reasons, scintillators are commonly used to produce a trigger signal for composite 
detector systems. This is indeed the case in the HRS-left, where three scintillator 
planes are located in the focal plane detector stack (fig. 4.5). The coincidence 
signal between the hadron and photon signals was formed at the  photon arm 
electronics, away from the HRS focal plane, which meant th a t SO was favored 
over the traditional S1/S2 combination. The SO scintillator plane is comprised of 
a single 10 777m-thick plastic scintillator paddle viewed by two P M T ’s a t opposite 
ends of the paddle. The logical AND of the signals from both tubes gives the 
proton singles trigger (T7).
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2x4 array o f  blocks forms 
a sum m ed signal
Hdge blocks do not 
contribute to 
triggering
A  signal sum m ed over 32 blocks is 
formed by sum m ing the signals from 
four 2x4 blocks
Figure 4.10: The photon trigger is made up of the OR of 56 overlapped sum^2 
signals, which are formed by summing signals from adjacent calorimeter blocks.
A schematic of the complete trigger logic is shown in fig. 4.11. To ensure an ac­
tual coincidence event will produce a coincidence trigger, the timing relationship 
between the SO and calorimeter triggers was measured and the signals aligned in 
time using programmable delay units (for simplicity, these delays are not shown 
in the figure). For different kinematics, the relative delays were calculated on the 
basis of the proton and photon time-of-flight so that tight coincidence windows 
could be applied. The width of the coincidence window is defined by the SO trig­
ger, which was set to be 100 ns. The T5 coincidence trigger is then formed when 
a photon trigger (set to be only lOns-wide) is produced within this window.4.5.2 The Data Readout Software
The physical information of interest is obtained from raw data (digital numbers) 
read out from thousands of ADC and TDC channels. Readout from these individ­
ual channels into the data-stream, ultimately to be written to tapes in the JLab 
mass storage system, is controlled by a CODA-based system configured for the 
current experiment. ADC and TDC modules for the whole setup were located in 
four Fastbus crates, each controlled by a single-board computer with a Fast bus
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Figure 4.11: A schematic of the full trigger electronics for the RCS experiment. 
The formation of the photon and hadron triggers, in addition to a description of 
the various components, is described fully in the text.
interface called a ReadO ut Controller (ROC). A VME crate located in the pho­
ton arm electronics contains the Trigger Supervisor (TS) and Event Builder (EB) 
modules, which together are responsible for overall readout and organisation of
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the final data-set.
The trigger supervisor is a  6U VME board custom built by the JLab electron­
ics group [76] and controlled by a Motorola MVME 2400. It can accept up to 
12 independent triggers, to each of which programmable pre-scale values may be 
applied. Furthermore, for each of the triggers the TS produces an event type tag, 
included in the da ta  stream , and a latch pattern  which is recorded in a separate 
TDC module. For production running, coincidence events (T5) were obviously 
the most im portant, and all other trigger types were given very large pre-scale 
values. However, for cosmic data-taking and various calibration processes during 
beam-off periods, these pre-scale factors were adjusted to  include other trigger 
types.
In the current configuration, each accepted trigger (after pre-scaling) outputs a 
Level 1 Accept (L1A) signal from the trigger supervisor. This is sent to all ROC’s, 
where it is used to  provide gates for the ADC modules and to  give common stop 
signals to the TD C ’s. After a module receives a L1A signal and finishes handling 
the front-end d a ta  a busy flag is cleared in the Fastbus crate. The ROC then 
communicates to the TS th a t it is ready to accept another trigger. The Fastbus 
1877 TDC modules used in this experiment have 96 channels and are capable of 
detecting m ulti-hit events. They have a time resolution of 1 ns and are operated 
in common-stop mode. In this mode an event, such as a calorimeter hit, starts 
the appropriate TD C ’s counting, and they are only stopped and read-out if the 
particular event produces an associated trigger (and LI A signal). The Fastbus 
1881 ADC modules have 64 channels, each of which has a separate threshold 
which is set remotely. The to ta l charge accumulated from the signal pulse during 
the gate period is measured and read out. The gate period for all ADC’s was set 
to 100 ns.
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Chapter 5 
Data Analysis: Event Selection
The unique nature of the RCS experiment motivated a highly m odular approach 
to the data  analysis. This work can be neatly separated into two parts: the 
selection of Com pton events over other competing reactions and the extraction of 
the recoil proton polarisation transfer components. This chapter will deal with the 
former, which is common to both polarisation and cross section measurements. 
The much more specialised polarisation analysis will be covered in the following 
chapter.
5.1 Overview
Three software packages were used for this analysis, although very little actual 
software details are given here. Instead, emphasis is given to the appropriate cal­
culations and the principles behind them . The common features of da ta  analysis 
applications of this type are:
•  Decoding the raw data  from individual ADC and TDC channels.
•  Calibration into more meaningful numbers by using pre-determined con­
stants.
•  Reconstruction of the physical param eters of interest (e.g. a VDC track or 
electromagnetic shower).
•  Storage of the reduced data-set in an easily accessible form at for histogram- 
ming and further calculations.
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The reconstruction of physical param eters is by far the most im portant a ttribute 
and contains all the appropriate physics calculations.
For hadron analysis, the key reconstruction stages are the VDC tracking a t 
the HRS focal plane and relating this information to the initial proton track at 
the target. Similarly, reconstruction of electromagnetic showers in the calorime­
ter, specifically the position of the origin of these showers, is the most im portant 
aspect of the photon arm analysis. The complementary properties associated 
with both particles are then combined with the trigger information and a se­
ries of kinematics calculations to help identify the source of a particular event. 
These kinematic calculations are fairly detailed so they have been included, to­
gether with a definition of the various coordinate systems used in the analysis, in 
Appendix A.
A range of kinematic settings and experimental conditions were used in the 
course of the full RCS experiment, only two of which are im portant in the calcu­
lation of the RCS polarisation observables:
1. 3E  Off-endpoint: The data  taking period for producing RCS events and 
measuring the associated polarisation transfer components. The target with 
the bremsstrahlung radiator was used, the spectrom eter positions were se­
lected to cover the required incident energy range and the photon-arm  mag­
net was used to  help separate elastic ep events.
2. 3D  Endpoint: In these runs elastic electron-proton (ep) scattering da ta  was 
accumulated for F P P  calibration. A mixed electron/photon beam was not 
desired at this stage, so the brem sstrahlung radiator was removed between 
the beam and target. In addition, since no electron rejection was required, 
the photon-arm magnet was switched off.
In all following discussions, the d a ta  corresponding to these two sets of experi­
mental conditions will simply be referred to as production  and calibration  data, 
respectively.
5.2 Hadron Analysis
For all previous Hall A experiments, the software package espace (Event Scanning 
Program for hall A Collaboration Experiments) [77] has been used for d a ta  anal­
ysis. It is a Fortran 77 based code with DEC VMS extensions [78], which utilises
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many of the data  m anipulation and display tools th a t are part of the widely-used 
CERNLIB package [79]. It involves techniques for the HRS d a ta  analysis which, 
as a result of copious use in recent years, are stable and well-tested. The principal 
element is VDC tracking and the closely related magnetic reconstruction of the 
recoil proton momentum, direction and reaction vertex a t the target. Besides 
this, it incorporates beamline diagnostics (i.e. those described in sec. 4.2.1), of 
which the BPM data  is most critical in trajectory reconstruction. As in the ex­
perim ental situation espace is conventionally used with a dual HRS configuration.
5.2.1 VDC Track Reconstruction
In the Hall A VDC’s, the time taken for electrons produced by ionisation along 
a proton track to  reach the anode wire is measured by TD C ’s and converted into 
perpendicular distance from the wire. Since the hit time in a particular TDC 
depends on different cable lengths and signal processing times, which may differ 
from channel to channel, a reference time (to) must be found for each wire. This 
is used to extract the drift time from the actual TDC hit, which can then be 
converted to drift distance through calibration based upon measurements of the 
drift velocity [65].
The next stage involves identifying and calculating the best available tracks 
from a linear fit of the drift distances for adjacent wires, for which one can obtain 
the local cross-over points and local trajectory angles. Determination of the cross­
over point is unambiguous, whereas the value obtained for the local trajectory  
angle depends strongly on the reconstruction algorithm. This quandary can be 
avoided by calculating general trajectory angles from the cross-over points of a 
particular track on planes in two different VDC’s. Hence, a trajectory is defined 
(relative to the some reference wire and plane) by two positions and two angles:
(U, V, rju, T]V) ■
Finally in this process, this reconstructed VDC trajectory  must be expressed in a 
manner which allows one to determine the corresponding trajectory at the target 
through the optical transfer properties of the HRS. Therefore, the track variables 
must be transformed from the local VDC coordinate system to the Transport 
Coordinate System (TRCS).
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5.2.2 Target Coordinate Reconstruction
In the transport coordinate system the trajectory of the proton at the focal plane, 
at the target and through the HRS magnetic elements is described by a vector 
(t), which expresses the track relative to the central reference trajectory. This 
vector is characterised by five components:
t =
x
e
y
(t>
8
(5.1)
where:
• x  is the dispersive (vertical) displacement from the central trajectory, ex­
pressed in metres.
• 6 is the angle the trajectory makes in this plane relative to the central 
trajectory (d x /d z ), expressed in radians.
•  y and 0 are the equivalent displacement and angle in the non-dispersive 
(horizontal) plane.
•  £ is the fractional deviation of the momentum from the central value (Ap — 
Po/Po), expressed in percent.
In a first-order approximation, a transport m atrix can be defined to relate the 
measured focal plane coordinates to  their counterparts a t the target. This m atrix 
involves only four unknown param eters since x tgt is known from the BPM data 
(sec. 4.2.1):
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The situation in practice, however, is far more complicated, with four transfer 
tensors - one for each of the trajectory param eters - replacing the m atrix  in 
eq. 5.2. These tensors are obtained, together with any position offsets of the 
spectrometer or VDC’s relative to their nominal (central) positions, using an 
optics optim isation procedure. If the four tensors are labeled Yjm, Tjki, Pjki and 
Djki, their elements are polynomials in Xfp which are determined up to fifth order, 
and relate focal plane and target quantities according to:
Vtgt — YjklOjfvy fv<t> fp,
3,k,l
@tgt — V ! Tj k A vyfy(l>fv,
j,k,l
fitgt ~  ^  ^PjklOfrVfp^fp,
j,k,l
5 = Y,Di*0lMr <5'3)
j,k,l
The procedure for optimising these tensors [80] involves detecting electrons which 
undergo quasi-elastic scattering from the optics target: one of the elements on 
the target ladder, which consists of a stack of th in  l2C  foils. This target is used 
because the intersection point of the incoming electron beam and any one of these 
foils effectively provides a point target.
During the present optics data-taking period, in addition to installing the 
optics target, a 49 hole sieve-slit collimator was placed at the entrance to the 
HRS-left aperture and the polarity of the magnets was switched. Each target foil
position along the beam axis (zreact) and the positions of the centre of the sieve-
slit holes (x Sieve and ySieve) must be known very accurately, so they were surveyed 
at the beginning this period. The coefficients of the polynomials in eq. 5.3 can 
then be determined from this optics data  by minimising the difference (via x 2) 
between the reconstructed and surveyed target foil and sieve-slit hole position. 
Fig. 5.1 shows the reconstructed sieve-slit distribution after optimisation, along 
with the physical layout of the collimator for comparison. Also shown in this 
figure are typical distributions of the four reconstructed quantities describing the 
proton trajectory at the target.
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Figure 5.1: Data analysed in espace after optimisation of the HRS optics tensors. 
Top: optics data with reconstructed sieve-slit position. Bottom: transport system 
proton trajectory parameters, 6, 4>tgt, ytgt and 0tgt, taken from calibration data.
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5.3 Photon Analysis
Since the photon calorim eter was being used for the first time, new software had to 
be w ritten to reconstruct electromagnetic showers in the calorimeter from the raw 
data. The decision was made not to include this in espace, but to design a new 
application in the framework of the Hall A R O O T /C + +  architecture [81,82], 
which is currently in the process of superseding espace. The most im portant 
aspect of the shower reconstruction, made necessary by the need for good angular 
resolution, is the calculation of the hit position of the scattered photon/electron 
on the front face of the calorimeter.
5.3.1 Calorimeter Shower Reconstruction
If a high energy photon or electron hits the centre of a calorimeter block its en­
ergy is deposited over an array containing the struck element and its immediate 
neighbours. For the RCS electromagnetic calorimeter which has a lateral block 
size of about one Moliere radius, a shower reconstruction involving energy depo­
sition in two rings of blocks around the central element is required to separate 
events where there may be two or more showers. Typically around 80% of the 
incident energy is deposited in the central block, with less than  0.1% deposited 
in each corner block in a 5 x 5 matrix. This is emphasised in fig. 5.2, which shows 
the simulated longitudinal development of an electromagnetic shower induced by 
a 1 GeV  electron incident on the central element.
The software conditions for identifying and reconstructing such an electro­
magnetic shower cluster were chosen to be:
1. A cluster is a group of adjacent calorimeter blocks with non-zero energy 
deposition.
2. The maximum number of blocks spanned by the cluster is 25 (i.e. a  5 x 5 
m atrix).
3. The shower profile (the distribution of energy deposited over the cluster 
blocks) must satisfy the following conditions:
(a) The central block is the element with the highest energy deposition.
(b) The energy deposited in the corner blocks must be less than  in each 
of their neighbours.
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\
Figure 5.2: Event simulation for a sample electromagnetic shower using Geantf. 
The shower is induced by a 1 GeV electron which is incident on the central block 
in a 5 x 5 array of lead-glass blocks.
(e) At least 50% of the total shower energy must be deposited in the 
central row (and, equivalently, in the central column).
From the raw ADC values recorded for the calorimeter blocks one can iden­
tify clusters and calculate the corresponding energy deposition and shower origin 
(centre of gravity). The fraction of energy deposited in each block which forms a 
cluster (of M  total blocks) can then be used in a geometric weighting algorithm 
which is linear in energy (another commonly-used method involves a logarithmic 
weighting) to find:
• Ecaio is the total energy deposited in a cluster, and Et the energy deposited 
in the zth block.
(5.4)
where:
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•  x caio {Vcaio) is the x  (y ) position of the shower centre of gravity, and Xi  and 
Yi are the physical coordinates of the ith  block.
5.3.2 Calorimeter Energy Calibration
To go from raw ADC values to the physical quantities in eq. 5.4 one must cal­
ibrate the energy conversion gains for each block in the calorimeter. Elastic ep 
scattering data  was taken several times a t various stages of the experiment for 
this very purpose. Although the energy resolution of the calorimeter has been 
sacrificed somewhat in favour of position resolution, the two are clearly related 
(eq. 5.4). It will become obvious in the remainder of this chapter th a t detecting 
one of the particles in a two-body reaction allows one to reconstruct the other via 
kinematic calculations (Appendix A). So, reconstruction of the four-momentum 
of the proton as described in the previous section means th a t the correspond­
ing scattered electron energy can be predicted. For energy calibration of the 
calorimeter a x 2 function, based upon the difference between the measured and 
predicted energy, can be defined and a minimisation procedure can be applied to 
obtain the optimal calibration.
The first step involves using the predicted electron energy (E 0) to extract the 
energy conversion gain coefficients (Ci) for each of the calorimeter blocks. These 
coefficients relate the measured ADC value to the physical energy deposition, and 
are calculated by minimisation of the function:
N  '
* 2 =  E  J 2 c ' ( A i - p i ) - Eo
n = l  _i£Mn
where:
•  M n is the set of hit block indices in a particular cluster (for a particular 
event n).
•  A™ is the measured ADC value of the ith  block.
•  Pi is the equivalent ADC pedestal (the channel corresponding to the E  = 0 
point).
Once the energy gain coefficients have been found they are stored in an input 
database for the shower reconstruction analysis. Radiation damage to the lead- 
glass blocks in the calorimeter caused degradation of the energy resolution as
(5.5)
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Figure 5.3: Spectrum of the difference between measured and predicted electron 
energy for calibration data after optimisation of the ADC conversion coefficients. 
The energy resolution is 7.7%.
the experiment progressed. Interestingly, by the time the experiment came to 
an end, the total radiation dose was estimated to be 3 — 6  krad and the energy 
resolution had fallen from 4.9% at the beginning to > 9% [83]. The difference 
between measured and predicted electron energy for calibration data used in the 
current analysis can be seen in fig. 5.3. From this spectrum we see that the energy 
resolution after calibration was found to be S E / E  — 7.7%.
5.4 P ro d u c tio n  D a ta
Up to this point, we have dealt with the reconstruction of the physical properties 
associated with the particles detected in the HRS and electromagnetic calorime­
ter. The remainder of this chapter is concerned with combining this information 
to identify the RCS events of interest based upon the kinematic correlation be­
tween the scattered photon and recoil proton. The momentum, direction and 
reaction vertex of the recoil proton, as reconstructed in the hadron analysis and 
shown in fig. 5.1, are used to calculate the scattered photon four-momentum, from 
which the expected photon hit position on the front face of the calorimeter can be
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determined. This kinematic analysis procedure is described fully in Appendix A. 
The key variables obtained in these calculations are the reconstructed incident 
energy, Ein (eq. A.8), and the all-im portant x  and y  coordinates for the differ­
ence between expected and measured calorimeter position, 5x and Sy (eq. A. 14). 
These variables, together with the coincidence tim e and calorimeter energy, are 
then used to select the RCS events.
To fully understand the analysis of the production data, we must identify the 
potential sources of background events and their expected contribution for the 
present experimental arrangement. In addition to real Compton scattering there 
are four distinct types of event:
1. p ( 7 ,7r°p) followed by 7r° —»■ 77
By far the most dominant reaction is coherent 7r° photoproduction on the 
proton, where due to its low mass the four-momentum of the 7r° is almost 
identical to th a t of the Compton scattered photon. On a very short time- 
scale, the pion decays into two photons which are em itted back-to-back 
in its rest frame. The Lorentz boost to the laboratory means th a t one 
of these photons will have an energy between En/2  and En, and will be 
located within a cone of half-angle m^/2;  while the other photon will have 
an energy less than En/2  and will lie outside the cone. Due to  the limited 
solid angle subtended by the calorimeter at large distances from the target 
only the higher energy of the two photons will normally be detected.
2. p{ e , e ' p )
The second most prevalent process is elastic scattering of electrons in the 
mixed beam from target protons. As discussed in sec. 4.4.3, the introduction 
of the magnet between target and calorimeter allows separation between the 
ep and RCS events, which would otherwise be indistinguishable.
3. p (e ,p 7 )e '
A much smaller but certainly non-negligible background arises from elastic 
ep scattering followed immediately by colliriear emission of a hard bremss- 
trahlung photon (labeled as ep'y events). If the brem sstrahlung photon 
produced in this process carries almost all of the initial elect ron energy, it 
travels in the same direction and can not be discerned from the Compton 
scattered photons. Monte Carlo studies have shown th a t th is  process is 
significantly suppressed relative to the Compton process a t large scattering 
angles.
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Mean Range (FWHM)
Incident Photon Energy (E{n) / '  3.216 GeV 0.258 GeV
CM Scattering Angle ( 0 cm) 117° 12°
M andelstam s 6.92 (G e V / c f 0.50 (G e V /c f
M andelstam t -4.01 (G e V / c f 0.42 (G e V /c f
M andelstam u -1 .1 5  (G e V / c f 0.22 (G e V / c f
Calorimeter Distance (D 'calo) 5.7 m ~
Calorimeter Central Angle ( 0 caZo) 65° -
HRS Central Angle (Qhrs) 19.47° -
Total Accumulated Charge 15.6 C -
Table 5.1: Production data kinematics and experimental conditions.
4. >  3-body processes
Reactions such as tt° production through interm ediate nucleon resonances or 
r) photoproduction have cross sections which are comparable w ith the other 
processes in the experiment. However, the absence of a strong kinematic 
correlation between the protons and mesons in these processes means th a t 
the phase space is not strongly populated in the spectrom eter acceptances, 
unlike the reactions described above. As an example, an 77 meson decays to 
two photons with a branching ratio of 40 %, but the fact th a t its mass is four 
times larger than  the pion means th a t its decay cone is sixteen times larger. 
Therefore, >  3-body reactions such as this will not contribute appreciably 
to the background in this experiment.
5.4.1 Event Identification
To enhance the selection of the RCS events over the background processes de­
scribed above, a series of cuts must be applied to the data. These cuts involve 
the coincidence time, the calorimeter energy and the kinematically reconstructed 
energy of the incident photon/electron. Spectra for all these variables, with and 
w ithout cuts applied, are shown in fig. 5.4. The corresponding kinem atic variables 
for the production data  are shown in table 5.1.
Coincidence Tim e
Rejecting events which do not have a tight tim ing relation between the  hadron and 
photon triggers is an im portant first step in cleaning up the data. For each trigger
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Figure 5.4: Spectra for three key variables: hadron trigger TDC (top), calorimeter 
energy (middle) and reconstructed incident energy (bottom). All plots are shown 
with (blue) and without (green) cuts to select RCS events. For transparency the 
data without cuts have been scaled by 0.1.
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type (T l, T5 and T7) a TDC module records the tim e when the corresponding 
trigger is received. The top plot in fig. 5.4 shows the raw TDC spectrum  for the 
hadron (T7) trigger. The peak at the centre of this distribution corresponds to 
the region where there are good coincident events, whereas events out with this 
region are due to  false coincidences, for which a proton produces a signal in the 
HRS but there is no accompanying, correlated signal in the calorimeter. During 
the present measurement three changes were made to  the coincidence electronics, 
which means th a t three separate sets of TDC cuts had to  be identified1:
Run Number TDC Window (channels)
2725 - 2759 624 - 674
2760 - 3202 613 - 663
3203 - 3462 598 - 648
C alorim eter Energy
While no explicit energy dependence is expected from the >  3-body processes, all 
of the kinematically correlated processes can be characterised by their dependence 
on the detected photon/electron energy (Ecai0). This makes the to ta l energy 
deposited in an electromagnetic shower a useful variable. The distribution of the 
calorimeter energy is shown in the middle plot in fig. 5.4:
•  The RCS and ep events are concentrated in the upper half of the spectrum .
•  Photo-pion events are spread out over the full range, although concentrated 
in the lower half.
•  The ep7 events display the characteristic brem sstrahlung behaviour de­
scribed in sec. 4.2.2: the number of photons is largest a t low energy and 
falls off as 1 jEcaio.
Therefore, the cuts chosen to enhance the Compton events were chosen to be:
800 M e V  < Ecai0 < 1600 M e V  
XA common width of 25 ns (50 channels) was chosen.
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R econstructed Incident Energy
The four-momentum of the detected proton in a two-body process uniquely de­
fines the incident electron/photon energy (E in). The range of this incident energy 
is predetermined by the position and acceptance of both photon and hadron spec­
trom eters (sec. 4.2.2), and is shown on the bottom  plot in fig. 5.4. Cuts have been 
placed on this quantity to  ensure events are well within the acceptance:
3070 M eV  < E in < 3380 M eV
Sx — Sy Coordinates
The most useful quantities for identifying the Compton events are the coordinates 
of the difference between the measured and predicted calorimeter hit position 
(Sx and Sy). The 2-D distribution of these variables, after application of the 
aforementioned cuts on coincidence time, calorimeter energy and reconstructed 
incident energy, is shown in the top plot of fig. 5.5. Three regions can clearly be 
identified:
1. A continuous background distribution, resulting predominantly from the 
detection of the higher energy photons from 7r° decay. These background 
events cover the whole of the Sx and Sy range and the distribution reaches a 
maximum at Sx ~  0, Sy ~  0. The bottom  left plot in fig. 5.5 shows th a t the 
relationship between photon energy and opening angle in the pion decay 
gives rise to a strong V-shape correlation between Sy and E CaZo (the same 
is true for Sx).
2. Two distinct peaks can be seen on top of this background region. The first 
of these, also centered a t Sx ~  0, Sy ~  0, corresponds to  real Compton scat­
tering events. The w idth of this distribution is determined by the combined 
angular resolution of the HRS and calorimeter.
3. The peak located at Sx ~  —20 cm, Sy ~  0 arises from elastic ep scattering 
events where the scattered electron has been deflected in the RCS magnet. 
It is clear from the Sx projection (and fit) shown in the bottom  right of 
fig. 5.5 th a t the RCS and ep peaks are sufficiently separated to  distinguish 
between the two.
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Figure 5.5: Event identification via the difference in measured and predicted 
calorimeter hit position as described in the text. Top: Sx vs Sy; Bottom left: 
Sy vs Ecai0; Bottom right: projection onto Sx axis and fits to the background, 
RCS and ep distributions.
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5.4.2 Background Correction
Photons which are detected a t the centre of the Sx — Sy distribution may have 
arisen from RCS, photo-pion or ep'y processes. Since there is no way to fur­
ther separate these events, the determ ination of the RCS polarisation observables 
involves calculating the polarisation for the two background processes indepen­
dently, and applying a correction for the dilution caused by these events. There­
fore, one needs to know the respective ratios for the number of background to 
RCS events.
Post-R adiator Brem sstrahlung Events
Monte-Carlo studies conducted a t the preparation stage of the experiment [58] 
have found th a t the ratio  N epi/ N rcs is expected to  be less than 5 % for the present 
kinematics. Even so, with the electron transferring almost all its polarisation to 
the hard brem sstrahlung photon in this process (see Appendix B) the polarisation 
contam ination could still be significant. For a more accurate estim ate of this ratio, 
a limited amount of elastic ep d a ta  was taken at the endpoint kinematics with 
the RCS magnet on. This provides an empirical measure of the ratio  N epl/ N ep, 
from which the equivalent ratio to RCS events can easily be extracted. The Sx 
spectrum  for this d a ta  is shown in fig. 5.6 with cuts to remove background. The 
events concentrated around Sx — —20 cm are the elastic ep scattering events, 
while those around zero correspond to  the ep'y events. An approxim ate estim ate 
of the ratio of events in these regions gives N epi/ N ep ~  0.04, which in tu rn  gives 
the ratio of post-radiator brem sstrahlung to RCS events:
N epi/ N rcs ~  0.024
7T° Background
To calculate the ratio N^/Nrcs for events in a particular Sx — Sy region, we require 
a param eterisation of the shapes of both  the RCS and background distributions 
in fig. 5.5. A naive first approxim ation for obtaining this ratio would be to  fit 
projections onto the Sx and Sy axes as in the bottom  right plot in fig. 5.5. How­
ever, such a procedure would not afford the optim um  selection since any Sx — Sy 
region defined by appropriate cuts would be rectangular in shape; the RCS distri-
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Figure 5.6: Sx spectrum for calibration data taken with the deflection magnet on. 
The elastic ep events dominate and are located around Sx = —20, whereas the 
potential epy events are centered around Sx = 0 .
bution clearly exhibits elliptical symmetry. Nonetheless, this type of projection 
fitting hints at a more self-consistent parameterisation. Because the production 
data has such large statistics very precise 2 -dimensional parameterisations of the 
background and RCS distributions can be found by fitting slices of the Sx — Sy 
distribution.
This is best illustrated by considering the histograms in fig. 5.7, which have 
been produced by taking 100 slices in Sx and fitting the Sy projections. These 
plots show the fitted data for a selection of slices: a 2nd order polynomial has been 
used to fit the background contribution, while the RCS events on top have been 
fitted with a Gaussian function. By obtaining the integral of these functions over 
a specified region for each slice, a sum over all slices gives the ratio of background 
to RCS events. By using the equation of an ellipse to define the cuts for each 
individual slice, this ratio has been calculated for three elliptical regions around 
the RCS peak:
ellipse N n/N rcs
1(7 1.11
2(7 2.08
3(7 4.08
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Figure 5.7: A selection of Sy projection fits for a procedure involving taking 100 
slices in Sx. The red shaded area highlights the number of background events 
within the chosen elliptical cut, the blue area shows the corresponding number of 
RCS events.
5.5 C alib ra tion  D a ta
The endpoint data was taken for calibration of the FPP analysing power. The 
procedure for doing so is described in the following chapter and requires a clean 
selection of elastic ep events. Identification of events which contain an elastically 
scattered electron and recoil proton in the calibration data is a much simpler task 
than identifying the Compton events in the production data. This is because the 
absence of the bremsstrahlung radiator means that background processes are far 
less prevalent. In fact, only small backgrounds from pion electroprduction and 
events which scatter and lose energy through bremsstrahlung are present in the 
calibration data. The kinematic variables associated with these runs can be found 
in tab. 5.2.
One does not learn much from examination of the calorimeter energy and 
coincidence timing spectra, and the cuts are the same as in the previous section. 
The reconstructed incident energy and Sx — Sy spectra, on the other hand, are 
very different from the previous case, and are shown in fig. 5.8. The events in 
the Ein spectrum (bottom left) are concentrated in a peak at the electron beam 
energy, with a radiative tail to the left of this peak produced by bremsstrahlung
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Electron Beam Energy 3.471 GeV
Four Momentum Transfer Q2 4.06 (G e V /c f
Calorimeter Distance ( D ^ 0) 6.2 m
Calorimeter Central Angle (©cazo) 57°
HRS Central Angle (QCaio) 21.36°
Total Accumulated Charge 3.4 C
Table 5.2: Kinematic variables for the FPP calibration data.
processes in the target. By making a cut on this elastic peak of:
3450 M e V  < E in <  3500 M eV
only the events centered a t Sx = 0 on the bottom  right plot remain. These 
correspond to the events from the elastic ep reaction of interest.
83 Chapter 5. Data Analysis: Event Selection
P (e,e’p)
2500
2000
1500
1000
500
34003300 35003200
x IO
1600
1400
1200
1000
800
6 0 0 -
4 0 0 -
2 0 0 -
Ejn(MeV)
_l_j
20
8x (cm)
Figure 5.8: Demonstration of the event indentification procedure fo r  calibration 
data. Top: Sx vs Sy; Bottom left: reconstructed incident energy; Bottom right: 
projection onto Sx axis with (blue) and without (green) a cut on Ein.
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Chapter 6 
Data Analysis: Polarisation 
Observables
Once a particular set of events have been selected a general F P P  analysis proce­
dure is available for extracting the corresponding proton polarisation observables. 
The polarisation of a sample of protons which undergo secondary scattering via 
the strong interaction in the massive CH 2  and carbon analysers located at the 
HRS focal plane gives rise to azim uthal asymmetries. These asymmetries allow 
access to the focal plane polarisation, which must be related to  the prim ary po­
larisation of interest in a particular frame of reference a t the target. To do so, 
one must be able to account for the precession of the proton spin vector in the 
HRS magnetic elements. Finally, to obtain physically meaningful polarisation 
components the F P P  analysing power has to be measured in an independent 
experimental procedure using elastic ep scattering data. Since the new double 
analyser FP P  effectively provides two independent measurements of the same 
physical quantities, the final results are obtained by taking the average of the 
two. This chapter provides a description of the general analysis techniques which 
are identical for both analysers.
6.1 Extraction of Focal Plane Asymmetries
The F P P  can be used to  simultaneously measure the two recoil proton polar­
isation components normal to the direction of the proton’s momentum a t the 
spectrometer focal plane by determining asymmetries in the azim uthal angular 
distributions after scattering in one of the analysers. To form these asymmetries 
one must measure the proton’s trajectories before and after each of the analysers,
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Figure 6.1: Left: typical drift time (LE) spectrum after calibration of the to for this 
particular channel (shown in green). Right: distribution of the TDC gate widths 
(LE-TE time), with the individual demultiplex gates (green) used to extract which 
wire in a group of eight has fired.
from which scattering observables must be reconstructed.6.1.1 Straw Chamber Tracking
The general principles behind the calibration of tracking chambers and track re­
construction algorithms were first discussed with regard to the VDC’s in sec. 5.2.2. 
The procedure essentially involves the measurement of the intercept and slope of 
a particular trajectory from identifying which wire has been hit and calculating 
the drift distance from the wire. In addition to being used to reconstruct the 
proton trajectory at the target, the VDC’s were also used in combination with 
the FPP straw chambers (described in sec. 4.3.3) to measure the angles through 
which protons scatter in the FPP analysers. The analysis specific to the straw 
chamber devices will be discussed in this section. Tracks are determined inde­
pendently for the front and rear straw chambers, although the analysis procedure 
used for both is exactly the same
Calibration of the straw chambers requires the raw data from a straw hit, 
which includes the wire group (i.e. a particular electronics readout board), to­
gether with the leading-edge (LE) and trailing-edge (TE) times measured in the
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corresponding TDC channel. Three separate calibration procedures are then im­
plemented, with coefficients stored in databases which are read by the analysis 
software a t a later stage:
1. Each TDC channel has associated with it a reference time (to) which prop­
erly aligns the zero of the drift time spectrum with the actual tim e of the 
particle hit. These to values have been determined for each channel using 
an autom ated software procedure. A typical drift tim e spectrum  after to 
calibration can be seen on the left-hand side of fig 6.1.
2. The demultiplex gates for each individual wiregroup must be determined 
from the data. As described in sec 4.3.3, the signals from each straw are 
multiplexed in groups of eight, and the width of the readout logic pulse 
is related to which of the wires was actually hit. Therefore, appropriate 
demultiplex gates must be identified in the LE-TE tim e spectrum  to relate 
gate width to wire hit. An example of such a distribution is shown on the 
right-hand side of fig 6.1, along with the corresponding demultiplex cuts.
3. The non-uniform nature of the electric field around the sense wire a t the 
centre of the particular straw means th a t the drift velocity is not constant. 
In fact, there is a non-linear relationship between drift tim e and drift dis­
tance. For each plane in the straw chambers, a fifth-order polynomial fit 
has been performed to  relate the drift distance to the integrated drift time.
After these straw chamber calibration procedures have been performed, it is pos­
sible to identify proton trajectories and determine their physical properties. The 
procedure for doing so is relatively straightforward and involves finding clusters of 
adjacent straw hits. The minimum requirement for a hit pa ttern  to be accepted as 
a good track is a to ta l of three clusters in two adjacent chambers. A straight-line 
fit, based upon a x 2 minimisation algorithm, is then used to  find the best track 
from all available clusters for a given event. A rough estim ate is first obtained 
from the wire hit position, and a weight is assigned to each track proportional to 
the number of hits associated with it. The procedure is then refined by including 
the drift distance information, and finding whether a left or right drift distance 
gives the best fit.
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6.1.2 Straw Chamber Alignment
Before using the track param eters to  calculate the proton scattering angles, the 
respective chambers must be m utually aligned in the software. W hile the phys­
ical alignment of the F P P  straw chambers is relatively precise, it is certainly 
not at the level required for precise scattering angle reconstruction. The FPP 
reconstruction software works on the assumption th a t the chambers are centered 
on the spectrom eter z-axis and orientated perfectly parallel to each other. Any 
deviations from this will result in a significant contribution to the instrumental, 
or false, asymmetries.
A software procedure is therefore used to calibrate the chamber positions, with 
the desired accuracy of ~  100 pm.  In the time th a t the F P P  has been operational 
in Hall A, three different methods have been employed' for this purpose. The 
common feature in all these procedures is the comparison of the front and rear 
trajectories relative to  the corresponding tracks determined by the pair of VDC’s. 
The VDC’s are taken as a reference and all other chambers must be orientated 
according to them:
/ * \
V
e
\<t>)
aligned
V D C {</> J F P P f r o n t
f x \
v  
e
*  )
aligned
(6.1)
FPPr
The alignment procedure is then very simple: for each track param eter {x,y,0 
and (/>), for both  front and rear chambers separately, the difference between the 
measured and reference tracks must be minimised. Ideally, to keep multiple (or 
Coulomb) scattering to  a minimum and ensure the trajectories are not signifi­
cantly altered, there should be no m aterial between the chambers in the alignment 
data. In practice, however, it is more than sufficient to take “straight-through” 
data  with only the analyser blocks removed: other focal plane detectors, such 
as the scintillator planes, do not significantly alter the trajectories of the  high 
momentum protons of interest.
The most recent and most effective of the alignment techniques was used 
for FP P  calibration for the RCS experiment [84]. The most im portant question 
concerning this technique is how to modify the. track variables in such a  way 
th a t the difference between the measured and reference tracks is minimised. The
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solution involves finding a function for each track param eter such that:
/ \ aligned, /  \  raw
( x \  I x \
V
+
\ * / FPPr FPPr
frear (,trackraw) \  
frear (trackraw)
frear (trackTaw) 
frear (trackraw) J
(6.2)
The current choice for /  (trackraw) is dependent only on x  and y , and has the 
general form:
/  (trackRaW) = ax2 +  by2 +  cxy + dx + ey + f . (6.3)
There is one such function for each of the four track variables, for both  front and 
rear chambers, leading to a total of 48 unknown coefficients. The minimisation is 
performed by constructing a set of linear equations with these coefficients as un­
knowns and solving the set by means of LU (Lower-Upper) decomposition. This 
method is one of the more powerful techniques for solving linear algebraic equa­
tions, and involves breaking up the set of equations into two smaller triangular 
sets, (see ref. [85] for more details).
This technique was applied to the RCS “straight-through” calibration data, 
taken specifically for this purpose at the central HRS proton m om entum  of 
4.3 GeV/c. The distributions of the difference between the measured and ref­
erence tracks, after alignment, for front and rear F P P  chambers can be seen in 
fig. 6.21. It is expected th a t the distribution for each variable is approxim ately 
Gaussian and centered a t «  0, with a value of sigma th a t is directly related to 
the position resolution of the VDC’s, the position resolution of the F P P  straw  
chambers and the multiple scattering betweeq them , the la tte r being the most 
dominant contribution. An estim ate of typical values of the angular spread due 
to multiple scattering can be obtained by considering the compositions and thick­
nesses of the m aterials in the focal plane (scintillators, aerogel and the chambers 
themselves) through the formula:
1 -H 0.038 In | (6.4)
where A© is the polar angular spread due to Coulomb scattering, p and f3c are the
1Due to a difference in the definition of coordinate systems between the VDC’s and FPP 
Chambers, Oppp is compared with 4> v d c  and vice-versa.
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Figure 6 .2 : The post-alignment difference between the measured and reference 
trajectory variables - x, y, 6 and <j) - for front (top) and rear (bottom) straw 
chambers.
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Front Track
z
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Figure 6.3: Definition of angles (9, (f), if) in FPP coordinate system, centered on 
the scattering vertex between the incoming (green) and outgoing (red) trajectories. 
The system is rotated so that the z-axis is aligned along the incoming trajectory.
momentum and velocity of the proton, and Z  and x / X q are the charge number 
and thickness in radiation lengths of the scattering medium.
It is testament to the success of the alignment procedure that all eight dis­
tributions in fig. 6.2 display the characteristics described above. For the front 
chambers, the distributions are all centered on zero with widths which are con­
sistent with the expectations from Coulomb scattering effects. Although the rear 
distributions also look to be very well aligned, the widths of the angle differ­
ences distributions are larger than the calculations suggest. It was found that 
the reason for this was that one of the carbon doors was not removed during 
the alignment data taking period. It is clear from the figure that this has had a 
negligible impact on the effectiveness of the alignment process.6.1.3 Calculation of Scatering Observables 
S c a tte r in g  A ngles
With the front and rear track parameters (x, y, 6,0) as a starting point, calcu­
lation of the polar (d) and azimuthal (<p) scattering angles is a relatively simple 
exercise in geometry.
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In addition to  the two previously defined trajectory  angles, the angle between 
the front trajectory and the yz  plane must be defined:
tan  V7/  =  cos Of tan  (j)f. (6.5)
The relationship between the angles 6, (p and ip can be seen in fig. 6.4. This figure 
also shows th a t the scattering observables of interest are calculated in a coordinate 
system which has been rotated  so th a t the incoming trajectory is aligned with 
the z-axis. This involves two rotations:
0 \  
0 
1 /
f  cos ipf 0 —sin tpf
0 1 0
\  sin ipf 0 cos ipf
(  1 0 0
0 cos Of —sin Of 
\  0 sin Of cos Of
(6 .6)
The projection of the corresponding scattered trajectory (a;,.1, yrl , zrl ) is deter­
mined by applying the same combined rotation to the scattered track coordinates:
x, \
Hr  
&  /
(  cos ipf 0 —sin ipf 
0 1 0 
\  sin ipf 0 cos ipf
( i t )  0 
0 cos Of —sin 6j  
\  0 sin Of cos Of
. (6.7)
The polar and azim uthal angles are then calculated in terms of this projection:
d — arctan i ’
x 7
<£> =  arctan —=-,
V r
=  \ /  (afr1) 2 +  (2/r1) 2- (6 .8)
Typical plots of the distribution of polar scattering angles from the C H 2  and 
carbon analysers are shown in fig. 6.4. The large peak on both plots a t small 
values o f 'd arise as a result of protons which undergo Coulomb scattering in the 
particular analyser. Cuts are usually placed to select regions corresponding to 
strong nucleon scattering w ithin the analysers, in kinematics where a significant 
analysing power is obtained. A full discussion of the cuts placed on the polar 
scattering angle, and their significance in term s of the analysing power, is given 
below in sec. 6.4. Another observation which can be made is th a t the number of 
events which scatter a t larger values of $, relative to  the Coulomb peak, is much
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Figure 6.4: Polar scattering angle (d) spectra for events which scatter in the C H 2 
(left) and carbon (right) analysers.
smaller for the CH 2 polarimeter than for the carbon. This can be attributed to 
the fact that the front FPP chambers, which detect the track scattered in the 
CH 2 analyser, are much smaller than their rear counterparts (see sec. 4.3.3).
C lo ses t A p p ro a ch  O b se rv ab le s
Two additional scattering observables which have proven to be indispensable in 
refining the selection of scattered events can be calculated:
1. The distance of closest approach between the incoming and scattered tra­
jectories, S ciose.
2. The z-coordinate of the midpoint of the line which joins the trajectories at 
closest approach, zciose.
If A and B  are defined, such that:
A  =  (*5 — Xq J^ +  ( ta n (f)r — ta n <//) ,
B = (do ~ Vo  ^ +  (tan #r — tan , (6.9)
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then
^close — \J  (A z close) 2 +  (B z close) \  (6.10)
A + B
(tan 4>r — tan  (/>f)2 + (tan 9r — tan  Of)'Zciose =  V, — ---------------------------- , - „ -2, (6-11)
To dem onstrate why these variables are useful typical distributions of sci0Se and 
Zdose are shown for both analysers in fig. 6.5. Obviously, in an ideal polarim eter 
the incoming and scattered trajectories would intercept with Sd0Se =  0 and Zdose 
lying somewhere between the analyser z-axis boundaries. However, it is clear from 
these plots th a t the distributions are smeared somewhat by detector resolution 
effects or poor reconstruction, and by the fact th a t some events involve protons 
which physically scatter out with the analyser (from other detectors such as SO). 
Therefore, the polarimeter signal is enhanced by placing cuts to  accept events 
with reasonably small values of Sdose and with Zdose within the physical analyser 
limits (as shown by the arrows in fig. 6.5):
1. CH 2 ’. 220 cm < Zdose <  264 cm.
2. Carbon: 330 cm <  Zdose <  381 cm.
6.1.4 Azimuthal Asym m etries
It is the spin-orbit coupling in the strong scattering of the recoil protons from 
nuclear targets within the F P P  analysers which makes the current measurement 
possible. A sample of protons with their spins preferentially aligned in a particular 
direction gives rise to an azim uthal asymm etry in this scattering process. The 
component of the proton polarisation a t the focal plane in the dispersive direction 
(p/pp) introduces a left-right asymmetry, while the non-dispersive component 
(pfpp) gives rise to an up-down asym m etry2. Therefore, the general expression for 
the azimuthal distribution of the scattered proton events for p lus/m inus helicity 
states is given by:
N *  (#, cp) = N ine (tf) [l +  (a0 -  A y (i9) P / pp) cos cp
+  (60 +  A y (fl) P f pp) sin (p 
+co cos 2(p +  do sin 2p] , (6.12)
2There is no sensitivity to the polarisation component along the proton momentum.
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Figure 6.5: Distribution of the closest approach observables, sci0Se and zci0&e, for 
the C H 2 (top) and carbon (bottom) analysers. The red arrows show th.W cuts 
applied to the data.
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where N in is the number of incoming protons, e ($) is the efficiency of the po­
larim eter and Ay ($) is the corresponding analysing power. This azimuthal dis­
tribution has contributions from P / pp and P fpp, which are made up from induced 
and transferred polarisations in the prim ary reaction a t the target, and from 
instrum ental asymmetries parameterised by the variables ao, bo, cq and do.
In the present measurement, only the helicity-dependent polarisation transfer 
components are of interest. One can isolate these observables from the instru­
mental asymmetries and induced polarisations, both  of which are independsnt of 
the beam helicity, by taking the difference between the azim uthal distributions 
for plus and minus helicity states:
N + (d,ip)
W  N r  (tf)
=  £>($) sin — a ($) cos </?, [6.13)
where the normalisation by avoids any false asymmetries which might arise 
because of differences between the number of incident events w ith plus and mi­
nus beam helicities. The m agnitude of the beam-helicity asym m etry given in 
eq. 6.13 depends on the beam polarisation (h ) and the analysing power (Aj,), the 
la tte r being a measure of the strength of the spin-orbit coupling in the secondary 
scattering. Therefore, the focal plane polarisation transfer components can be 
obtained from the equations:
pfpp —
hAy (tf) ’
pfpp  _  b W  (6 1 4 )
hAy (0) 1 ^
The measurement of the analysing power is described in sec. 6.4 below, while the 
beam polarisation correction is considered in Appendix B.
The focal plane beam-helicity asymmetries measured in both  polarimeters for 
events corresponding to the 7r° background reaction channel in the production 
data  are shown in fig. 6.6. The data  in these graphs have been divided into 60 
equal bins of and a sinusoidal fit of the type given in eq. 6.13 has been applied. 
The obvious conclusion to  draw from this figure is th a t the m agnitude of the C H 2 
asymmetry is both larger and has a smaller statistical uncertainty than  the carbon 
asymmetry. Since they arise from precisely the same polarisation components, 
this implies th a t the analysing power of the CH 2 m ust be larger than  the carbon
one.
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Figure 6 .6 : CH 2 and carbon beam-helicity asymmetries for production events 
identified as 7r° background. The data are fitted by a asimp +bcos(p function, the 
coefficients for which are shown in the top right legends.
It is by this method that the proton polarisation transfer terms at the target 
can be extracted. A discussion of the procedure is given in sec. 6.3, but before 
that, there are two significant complications. Firstly, in the general case there 
will be both induced polarisation terms and instrumental asymmetries. Access to 
these is through a complementary Fourier analysis of the helicity-sum distribu­
tions. Secondly, the issue of relating the proton polarisations at the focal plane 
to the corresponding polarisations at the target is not straightforward. It leads 
to the complex problem of understanding spin precession in the HRS.
False A sy m m e try
False (or instrumental) asymmetries arise from misalignment of the straw cham­
bers of the FPP and from local efficiency variations in the chambers due to faulty 
wires and the like. To quantify these instrumental asymmetries a measurement 
of the focal plane asymmetry from unpolarised protons, which would ideally be 
perfectly flat, is required. Since an unpolarised proton sample is not available, 
the next best thing is to use the helicity-sum distribution, which in the absence 
of induced polarisation in the primary reaction is equivalent to an unpolarised
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e99007 e99114 C H 2 e99114 carbon
do
bo
Co
do
0.0160 ±  0.007 
0.0019 ±  0.007 
-0.0069 ±  0.007 
0.0086 ±  0.007
0.0084 ±  0.0024 
0.0037 ±0.0024 
0.0064 ±  0.0024 
0.0256 ±  0.0024
-0.0553 ±  0.0025 
0.0047 ±  0.0025 
0.0026 ±  0.0025 
-0.0015 ±  0.0025
Table 6.1: Four lowest false asymmerty amplitudes obtained from the ep calibra­
tion data, compared with those found in a single analyser FPP configuration in 
e99007.
one. In the one-photon exchange approximation of elastic ep scattering there 
is no induced polarisation in the proton (except from higher order effects which 
have been estim ated at less than  1 %), which makes the calibration data  ideal for 
extracting the instrum ental asymmetries. Thus:
N+{0,<p) N ~  (#, <f) 
K  m  ^ 7  (o)
=  l  +  a o s in ^  +  60 cos(/? +  cosin2^H-doCos2y?. (6.15)
Because the false asymmetries are the same for plus and minus beam helicity 
states, they directly cancel in the calculation of the polarisation transfer compo­
nents, and are therefore not im portant in the present measurement. However, 
if the dual analyser configuration of the F P P  is used in future experiments to 
extract the helicity-independent induced polarisation components, a knowledge 
of these terms will be useful. Table 6.1 shows the four lowest Fourier am plitudes 
determined from the calibration data  using eq. 6.15 compared with those obtained 
from recent e99007 single analyser data  [71].
6.2 Spin Transport
The recoil proton polarisation observables a t the focal plane must be related to 
the polarisations which give rise to them in the prim ary reaction a t the target. To 
do so, one must be able to account for the rotation of the proton spin vector from 
the focal plane to a particular reference frame at the target. This rotation can 
be divided into two parts, both  of which must be calculated on an event-by-event 
basis: the precession of the pro ton’s spin in the magnetic elements of the HRS, 
and a transform ation to the appropriate reference frame which depends on the 
reaction of interest.
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6.2.1 Simple Dipole Approximation
W hen considering the spin precession in the spectrom eter optics, it is im portant 
to note th a t different proton trajectories through the HRS have associated with 
them  different magnetic fields, and a dedicated model of the spectrometer optics 
is required. However, by far the most significant precession takes place in the 
dipole, and it is therefore a good approximation to  work with the assumption 
th a t the HRS optics consist only of a perfect dipole field (one which is purely 
homogeneous with no fringe components). This also serves as a good introduction 
to the concept of spin transport in a magnetic system before moving on to  a more 
rigorous treatm ent.
If the proton spin vector at the focal plane (with the axes defined in fig. 4.7) 
for a particular event is P fpp, its equivalent a t the target is given by:
where S is the Spin Transport M atrix (STM). This m atrix depends on the angle 
through which the proton spin vector precesses, which is formally defined as the 
difference between the momentum and spin rotations and is given by:
where Ep, M  and pp = 2.79fip are the energy, mass and magnetic moment of the 
proton, respectively (pp is the Bohr magneton). The nominal to ta l bend angle 
in the HRS dispersive plane is Obend = 45°.
The STM is then given in term s of the precession angle by:
of the spin precession associated with the present measurement, where the proton
P  =  SP**>p, (6.16)
(6.17)
S = (6.18)
By considering this simple dipole m atrix, one is able to obtain the salient features
kinetic energy was chosen to be Ep = 3.0 GeV, for which the equivalent precession 
angle is approximately 270°:
1. There is no precession of the y-component of the spin in the non-dispersive 
plane.
99 Chapter 6. Data Analysis: Polarisation Observables
300
DIPOLE
250
200
150
100 L COSY
50
n
-0.4 -0.2 0 0.2 04
Figure 6.7: The comparison between the STM  elements (Sxy, Sxz, Syy and Syz) 
calculated from the simple dipole model (blue) and full COSY calculation (green) 
for the current value of proton momentum.
2. The x and z components are precessed through the angle \  hi the dispersive 
plane, so that:
p x =  p y
P„ =  - P f pp
The ^-component of the spin vector at the target in this coordinate system is 
related to the longitudinal observable of primary interest. Therefore, the par­
ticular value of proton energy and precession angle were chosen for the current 
measurement to optimise the precession for measurement of this component3.6.2.2 COSY Model
The physical situation is clearly much more complicated than the simplistic 
model described above since the effects of the HRS quadrupoles and the dipole
3At the expense of the x  or normal component which is of no real interest.
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fringe fields must also be considered. One of the reasons the previous model 
is so simple to consider is because all the spin rotations are in the trajectory- 
plane, so the to ta l precession angle can be calculated from the difference between 
initial and final trajectories alone. However, a rigorous calculation of the STM 
for the full spectrometer optics requires the knowledge of all intermediate ro ta­
tions. A model of the spectrometer has been developed for this purpose using the 
differential-algebra based software package COSY [86], and based upon numerous 
HRS measurements and optical studies.
COSY is a hybrid magnetic modelling code which uses Taylor expansions to 
describe the action of a magnetic system and numerical integrators to determine 
actual trajectories. As a result, it is both faster than  traditional ray-tracing codes 
and has the potential for much greater accuracy than  most simple Taylor m ap 
applications. The spectrometer model which is input into COSY includes phys­
ical dimensions and field characteristics of the three quadrupoles and the dipole 
magnet, including the non-uniform fringe fields a t the entrance and exit faces 
of the dipole, which were measured during the Hall commissioning. Deviations 
from the simple dipole model arise as a result of the introduction of non-zero field 
components in the transverse plane. These are due to  the dipole fringe fields and 
higher order effects in the quadrupoles, where the effects are most pronounced at 
high excitation current and for extreme trajectories.
The COSY model is used to calculate the STM in the same transport coor­
dinate system th a t is used in the target coordinate reconstruction described in 
sec. 5.2.2. As before, the proton trajectory through the HRS is param eterised 
in terms of the four proton trajectory variables (y , 9, (f> and <5). The rotation 
m atrix th a t is calculated by COSY is parameterised in terms of expansion co­
efficients (C%mnp) in these target variables, which are determined to  fifth order. 
The individual STM elements are then simply given by:
Sij = J 2  C k‘mnpxkelym^ nS’‘. (6.19)
k,l,m,n,p
The variation in the STM elements of interest due to  the variation in proton 
trajectory through the HRS as determined from the COSY model (relative to 
the equivalent simple dipole elements) can be seen in fig. 6.7. The deviations 
from the simple dipole treatm ent for all of the elements are quite pronounced, 
which has a significant effect on the final result. A large am ount of work has been 
completed during several recent Hall A polarisation experiments to improve the
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COSY model, as well as minimise the system atic errors associated with obtaining 
the STM. The first such study involved minimising the actual error on the matrix 
by studying the relative alignment of the quadrupoles [87], while the second 
was related to the actual model dependency and the source of the remaining 
uncertainties [88].
6.2.3 Coordinate Systems at the Target
For physical interpretation and comparison with theoretical predictions, one must 
then transform the spin vector into the desired reference frame. Because the 
proton is not massless i t ’s polarisation is frame dependent, and it is conventional 
to quote it in the rest frame of the proton. Therefore, the final results are rest 
frame polarisation components relative to  the axes as defined in a particular 
reference frame. As a result, while the calculation of the spin precession in the 
HRS is the more complicated of the two rotations which contribute to  the full 
STM, the rotation to the reference frame of interest is a little  more subtle than 
one might initially expect.
S c a tte r in g  F ram e
, For the elastic ep scattering d a ta  which is used for calibration of the F P P  analysing 
power (sec. 6.4) the polarisation is expressed in the electron-proton laboratory 
scattering frame. In terms of the laboratory kinematic variables, the axes are 
defined by the unit vectors:
x = z  x y, 
q x k j
y  =
z — ■|q
q  x kj | ’
q (6.20)
which is illustrated in fig. 6.8. Here, kj is the incident electron momentum and q  
is the momentum transferred to  the proton.
T ra n s fo rm a tio n  to  th e  C e n tre -o f-M ass  F ram e
Similarly, the analysis of the production data  for Compton scattering events in­
volves a rotation to the 7p laboratory scattering frame, which is then followed by
102 Chapter 6. Data Analysis: Polarisation Observables
Uhall  n
Scattering Plane
Figure 6 .8 : Definition of the proton polarisation components at the target (eq.6.20)
in the elastic ep scattering frame.
a Lorentz transformation from the laboratory to the CM frame defined in eq. 3.7 
and fig. 3.3. This is complicated slightly by the fact that, by convention, the axes 
in the yp scattering frame are not the same as in eq. 6 . 2 0  above, but are given 
by:
The transformation from this laboratory frame to the CM turns out to be a 
rather simple exercise in relativistic kinematics. For readers who are unfamiliar 
with the treatment of polarisation phenomena in a relativistic framework, a good 
introduction can be found in ref. [89], whereas the specific details of this particular 
transformation can be found in ref. [35,90].
The proton spin can be expressed in terms of the four-vector:
where the P0 component represents the Lorentz invariant magnitude of the vector. 
The transformation of this vector from the laboratory to CM frame involves a 
series of boosts and rotations, and can be broken down into five steps:
1 . A boost along the proton momentum from the proton rest frame to the
( 6 .21 )
( 6 .22 )
103 Chapter 6. Data Analysis: Polarisatbn Observables
laboratory system,
l l a b
0
0
0  0  P l a b l l a b  ^
1 0 0
0 1 0
(6.23)
 ^ P l a b l l a b  0  0  J i a b j
2. A rotation which brings the 2-axis parallel to the incident photon momen­
tum  in the laboratory, where 0P is the proton scattering angle (nominally 
equal to Ohrs in table 5.2 and fig. A .l),
I  1 0
COS0p  
0 1 
-  sin 0P\
0
0
0
0 0 \
0 sin 0P 
0
n 0 cos0p j
(6.24)
3. A boost along the initial photon direction to the CM frame, with /3cm reP~ 
resenting the velocity of the CM frame as seen from the laboratory,
^ 'Y cm  0  0  f ic m 'Y c m  ^
0 1 0  0
0 0 1 0
y f ic m 'Y c m  0 0 'Y cm  J
(6.25)
4. A rotation which brings the 2-axis parallel to the recoil proton momentum
in the CM frame,
1 0 0 0
0 cos 0 0 sin 0cm 
0 0 1 0
y 0 — sin 0cm 0 cos 0cm J
(6.26)
5. A boost along the recoil proton momentum to proton rest frame in the CM
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coordinate system,
/  7 cm 0  0
0 1 0
0 0 1
y ftcmHcm 0 0
It has long been known th a t three separate Lorentz boosts on a particle-at-rest 
system results in a purely in-plane rotation. This means th a t the net effect of the 
individual transform ations given by eq. 6.23-6.27 is th a t Po (as expected) and Py 
remain unchanged, and there is a mixing of the in-plane components described 
by:
p 0 \ ( l 0 0 0 \ f  P0 N
p x 0 COS 9rot 0 sin Qrot P.r
Py 0 0 1 0 Py
/ C M 1° sin Orot 0 COS 0Tot J \ P > )
where 0rot must be calculated on an event-by-event basis, and depends only on the 
recoil proton kinematic quantities. For the present data-set the average in-plane 
rotation between the 7p laboratory and CM systems was found to be 9rot = 20.2°.
6.3 Maximum likelihood Determination of 
Polarisation Observables
The measured azim uthal asymmetries together with the spin transport m atrix 
obtained from the COSY model can be used to determine the proton polarisation 
observables in the appropriate reference frame at the target. It is not instantly 
obvious th a t a measurement of two polarisation components at the focal plane 
can lead to the determ ination of all three components a t the target. In fact, it 
is possible to extract three induced (P) and three transferred (P ') polarisation 
components separately by utilising not only the helicity-difference, but also the 
helicity-sum azim uthal distributions. Clearly no exact solution to such a problem 
exists, but a m ethod of param eter estimates based upon the maximum likelihood 
technique has been developed for this purpose.
We begin by defining a likelihood function as a measure of the probability 
for obtaining the asymmetry given by eq. 6.12. The function is constructed by
'ficmTicm  ^
0 
0
7 c m  J
(6.27)
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taking the product over N  to ta l events of all the individual probabilities:
N
L =  n / f e . ^ ; P . P ' ) -  (6-29)
i= 1
W ithin a sample of protons with focal plane polarisations P / pp and P^pp, which 
are measured in a polarim eter with analysing power A y and first-order instrum en­
ta l asymmetries ao and bo, the probability th a t the ith  proton scatters through 
the angles is
/  (<#, fy) = J -  [1 +  a (fy) cos cpi + b (&i) sin , (6.30)
Z7T
where
a(0i)  =  o0 -  A y (&{) P fp”,
6(190 =  6o +  ^ I)( i9 0 P /w’. (6.31)
The azim uthal asymmetries depend most crucially on the focal plane polarisa­
tions, which can be represented by linear functions of the transferred and induced 
polarisations at the target, and the analysing power. However, the variation of 
the spin transport m atrix (S) on an event-by-event basis, due to the variation in 
the proton trajectories through the HRS, must also be taken into account. This
is achieved by assigning a weight to  each event proportional to the  appropriate
STM element ( S i j )  so th a t eq. 6.31 becomes:
a ($) = Go ~~Ay ($) (Px +  h P +  Sxy (Py +  hP^j
+SXZ (Pz +  hP'z) ) ,
b ($) =  bo ~\~Ay ($) [jSyx (Px +  hP'x) +  Syy (Py +  HP,^ )
+Syz (Pz +  hP 'z)}, (6.32)
where Pk and P£ (k = x, y , z ) are the induced and transferred polarisation com­
ponents, respectively, and h is the value of beam polarisation4.
It is now possible to rewrite the likelihood function in eq. 6.29 by separating
4To obtain the physical induced polarisations one does not need to divide by h since they 
are helicity-independent.
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the transferred and induced polarisation, and the instrum ental asymmetries:
(6.33)
l = n  h  ( * + ^ + £  Xk'iP k + e  ’
where
\ x = A y (i9) (Syx cos (p -  Sxx sin <p) ,
Ay = Ay (&) (Syy COS (fi ~ SXy SIR (fi) ,
A* =  Ay (tf) (Syz cos if -  Sxz sin p ) ,
K  = 
K  = 
K  =
h \x
—hky
- h \ .
and
Aq =  1 +  ao sin <p +  b0 cos ip +  c0 sin +  d0 cos 2(p.
(6.34)
(6.35)
The likelihood function in eq. 6.33 reaches a maximum value when the polarisation 
estimates (P* and P^) satisfy the solution to the system of coupled nonlinear 
equations:
d \n L
~ d K
d ln L
~dP [
= 0,
=  0. (6.36)
Obtaining the solutions for such a system of equations is far from trivial, but the 
problem can be simplified using a linearisation technique [91]:
^  ( 1  — A o )  ^ {  X ^  X c ^ a :  E  '  E  ^X^z ^ Px \
^2 Xy ( 1  -  A 0 )
— e e  w  • • • E Py ,
\  J 2 K  ( !  -  ^ o )  J V E ^'z^x E E E  ■■ ■ E E E ) H  J
B
[6.37)
The estimates for the six proton polarisation observables at the target are 
then given by:
[Px,Py,---  , P i ) T =  F - 1B , (6.38)
For the purpose of the present measurement of Compton scattering observables, 
only the polarisations P'x — K l t  and P'z — K l l  in the CM frame are of interest.
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- lTheir statistical errors are obtained from the covariance m atrix F
6.4 Analysing Power Calibration
Because the F P P  has not previously been used in the dual analyser configuration, 
a significant portion of the beamtime allocated for the polarised RCS measure­
ment was set aside to accumulate p (e, e'p) calibration da ta  (the analysis of which 
was described in sec. 5.5). W ith the techniques for measuring the azim uthal 
asymmetries and modelling the HRS spin transport already discussed, only one 
other step is required to extract the polarisation transfer in Compton scattering: 
measurement of the C H 2 and carbon analysing powers. The analysing power 
combined with the polarim eter efficiency gives the figure-of-merit (FOM), which 
directly relates the statistical uncertainty one obtains in a polarisation measure­
ment to the to tal number of protons in the data-set. The FOM is therefore a very 
useful quantity for comparison between the new and old FP P  configurations, as 
well as for planning new high proton momentum experiments. In addition, as we 
saw in sec. 6.1.4, the elastic ep da ta  also allows determ ination of the polarim eter 
instrum ental asymmetries.
So what is it th a t makes the elastic ep reaction so well suited to calibration 
of the F P P  analysing power? The Sachs form factor ratio (Ge /G m ) for the 
proton can be calculated from a simultaneous measurement of the transverse and 
longitudinal ep polarisation transfer components, w ithout the need for knowledge 
of the beam polarisation or analysing power. Therefore, by selecting the elastic 
ep events identified in sec. 5.5, the maximum likelihood m ethod can be used to 
simultaneously extract the quantities hAyP'x and hAyP'z in the scattering plane 
(where h and A y  are set to unity since they cancel out in the calculation anyway). 
These are related to the Sachs form factor ratio, using the same notation as in 
sec. 2.1, by:
Gb = _ h A & E  + B_ B_
Gm hAyP'z 2M  2 ' *■ ' ’
The value obtained for this ratio in the present measurement is shown in fig. 6.9 
relative to results from two previous Hall A experiments (e93027 [92] and e99007 [70]) 
which have both utilised the same recoil polarim etry method, although with dif­
ferent experimental arrangem ents and different F P P  configurations. There is 
good agreement with the trend identified by these previous results, although the 
statistical accuracy is clearly not as good.
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Figure 6.9: The experimentally determined Sachs form factor ratio for the proton 
PpG e /G m as a function of four-momentum transfer Q2 for the e99114 (red), 
e99007 (blue) and e93027 (green) data (only statistical errors are shown). A 
straight-line fit obtained from the previous two data-sets is also shown.
The over-determined nature of this reaction means that the form factor ratio, 
once extracted from the data, can be used to obtain the experimental analysing 
power as a function of i). It has been shown, in ref. [71] for example, that the 
polarisation transfer components can be re-written in terms of the form factor 
ratio and kinematic factors alone:
P'X
Pi  =
— 2 v / t ( 1  + t )  ta n § § £
+  (r / e)
+ t )  tan 2 |
{ § t ) A ( r / e
(6.40)
where the term 1/e = 1 +  2 ( 1  + r )  tan (0 / 2 ) represents the polarisation of the 
virtual photon exchanged in the primary reaction. It should now be clear that, as 
long as the electron beam polarisation is known (Appendix B), the experimentally 
determined analysing power (A y) may be obtained from a comparison between 
the measured value of hAyP'z and the value calculated using eq. 6.40.
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Using this technique, the analysing power of both analysers have been calcu­
lated in discrete bins of polar scattering angle ($), the bin widths being chosen to 
ensure th a t the statistical error in A y for each bin was approximately equal. The 
results for A y($) for both  the CH2 and carbon analysers are shown in fig. 6.10. 
with previous results for similar proton kinetic energies included for compari­
son [93]. One should also note th a t the dashed line on these graphs more clearly 
shows the variation of the analysing power with than  the calibration data  glone. 
These param eterisations have been obtained from a fit to the 7r° background po­
larisation production data, for which the statistical accuracy is extremely good.
The ^-dependence of the analysing power exhibits similar behavior for both 
CH2 and carbon analysers. As expected, the effective analysing power is close to 
zero a t small scattering angles where Coulomb scattering dominates, then rises 
to a maximum value before falling off towards zero. Furthermore, it is clear th a t 
the presence of the hydrogen in the C H 2 analyser has the effect of increasing 
magnitude of the analysing power relative to the carbon at small angles, while 
causing a sharper fall a t larger angles. D ata from the two previous Hall A form 
factor experiments (e93027 and e99007) have also been included in fig. 6.10 for 
comparison. The former experiment used the standard single carbon arrangement 
of the FPP, while the la tte r used a slightly modified configuration with 100 cm 
of CH 2 (as described in sec. 4.3.2). The conclusion of the Dubna tests [72], th a t 
the m agnitude of the CH 2 analysing power is largely unchanged by an decrease 
in thickness, is supported by comparison between the 44 cm e99114 data  and the 
100 cm e99007 data  for similar values of proton momentum. Comparison with 
previous carbon data, on the other hand, which was taken with lower momentum 
protons suggests th a t the analysing power becomes systematically lower, and 
decreases more rapidly, as the proton momentum gets larger.
One of the unknown aspects regarding the new double analyser F P P  is the 
effect scattering via the strong interaction in the CH 2 has on the proton polar­
isations at the focal plane. Or, pu t another way, it is not known whether there 
will be any significant depolarisation of the recoil protons as they pass through 
the CH 2 prior to scattering in the carbon analyser. One way to examine how 
large this effect might be is to measure by how much the carbon analysing power 
changes when only small angle scattering events in the C H 2 (i.e. Coulomb events) 
are selected. The observation th a t the resultant change in analysing power was 
very small, around 1 % in fact, implies th a t depolarisation of the proton sample 
in the CH 2 is not a problem.
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Figure 6.10: Experimentally determined analysing power (Ay(d)) for CH 2
(c.f. e99007) and carbon (c.f. e93027) data. On both plots the present data are 
shown in red and small i9 offsets have been applied for clarity.
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Figure 6.11: Measured differential efficiency ~  for the CH2(red) and carbon 
(blue) polarimeters. The drop in CH 2 efficiency at larger scattering angles is due 
to the limited size of the front FPP chambers.
F ig u re  o f M e r it
T he  precision which m ay  be o b ta in ed  in a po larisa tion  m easu rem en t depends  on 
the  analysing  power, the  accep tance  and  the  de tec tion  efficiency of the  po la r im e­
ter. Thus, when assessing the  effectiveness of such a device it is convenient to 
define a Figure-of-M erit  (FO M ). This  has previously been de te rm ined  for th e  sin­
gle analyser configuration of the  F P P  a t s im ilar p ro to n  m om enta ,  and  therefore  
acts  as a  good m easure  of the  im provem ent after  th e  rea r rangem en t in to  dual 
analyser mode.
T he  F P P  efficiency for a  given sca t te r ing  angle (d) is given by th e  ra t io  of the  
num ber  of successfully reconstruc ted  outgoing  tracks  (passing the  various cuts) 
to  the  num ber  of incom ing tracks:
£ ( ti)  =  N ° *  . (6.41)
I'in
The differential efficiency (de/dd ) has been m easu red  using the  ca lib ra t io n  d a ta  
for bo th  CH 2 and ca rb o n  po larim eters ,  and  is shown in fig. 6.11. T h e  m ost 
significant feature  regard ing  th is  plot is the  d isp a r i ty  betw een th e  ca rbon  and
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c h 2 Carbon
d Range 0.8° <  d < 24° 0.8° <  <  70°
Ay 0.0836 ±  0.0031 0.0570 ±  0.0029
FOM 2.94 x IQ-3 1.61 x 10"3
Table 6.2: The polar scattering angle range, the average analysing power and 
FOM for both polarimeters.
CH 2  efficiency a t larger scattering angles, where the smaller size of the front 
F P P  chambers severely limits the CH 2  efficiency.
The efficiency alone is not sufficient to characterise the statistical effectiveness 
of the polarimeter, since not all of the outgoing tracks will contribute to the focal 
plane asymmetry. Indeed, only the fraction of those events which undergo strong 
nuclear scattering in the analyser will contribute significantly. Therefore, the 
analysing power, or more accurately the square of the analysing power, must also 
be taken into account. The FOM and the number of good events which will 
contribute to the asymmetry are then related to the number of incoming events 
by the equation:
N  = Nin £ (0) A \  (0) M  = No.FOM. (6.42)
" $min
The observation th a t the carbon analysing power is not affected by scattering 
in the CH 2  means tha t we can analyse the d a ta  from the two polarim eters as 
though they were two completely independent measurements of the same physical 
quantity. One can then compare the average values for the analysing power and 
FOM of both polarimeters over a given polar scattering angle range, and shown 
in table 6.2, with the values measured in previous experiments. The combined 
FOM in the new dual-analyser configuration was found to  be 4.5 x 10-3 , which is 
a considerable improvement over the value of 2.9 x 10-3 th a t was obtained using 
the e99007 single analyser F P P  configuration at similar proton momenta. Such 
an improvement results in a  substantial reduction in the statistical uncertainty 
associated with the measurement.
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Chapter 7 
Results and Discussion
In the last chapters we have discussed the calibration of the various detector com­
ponents, the methods of identifying the RCS events and the m ethods employed to 
extract the recoil proton polarisation observables. We now tu rn  our attention to 
the presentation of the results of interest, namely the Compton spin observibles 
in the CM frame. This discussion includes a description of the background ccrrec- 
tion required to extract these results, and a thorough analysis of the experimental 
uncertainties. Finally, we present a discussion of the results within the overall 
context of the measurement, and the conclusions th a t can be made regarding the 
Compton scattering reaction mechanism and structure of the proton. For com­
pleteness, the polarisation transfer results obtained from independent analysis of 
the CH 2  and carbon data  are provided in this chapter. In all cases, the results 
from the two polarimeters agree to within the overall statistical accuracy.
7.1 Raw Polarisation Results
We have already seen th a t the RCS events of interest are located in a small 
elliptical region around Sx = Sy = 0 (in fig. 5.5). Calculating the polarisition 
transfer observables for events in this region, therefore, allows access to K li and 
K Lt  (as defined in eq. 3.7) through the background corrections:
K lt = h [ K % - ( i - D ) K % P ] ,  
K l l  =  ^  [K l°l -  (1 -  D ) K l t ]  , (7.1)
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where the tot and back superscripts label the polarisation corresponding to the 
to tal events in the chosen elliptical region and the 7r° background events, respec­
tively. The significant presence of background events under the Compton peak 
causes the RCS polarisation to be diluted. To take this into account, the dilution 
factor (D ) is included in eq. 7.1, and is simply the ratio of RCS to to ta l events 
in this region1.
7.1.1 Background Polarisation
The fact th a t the present experimental technique does not allow for further sep­
aration of the Com pton and background events makes the correction of eq. 7.1 
necessary. Obviously, the first quantities required are the polarisation transfer 
observables for events in the background distribution (Kj££k and Kj££k). For 
the present purposes all events in fig. 5.5, with the exception of those which fall 
within a 4a region around the RCS and ep peaks, are used in the calculation of 
the background polarisation. The techniques for using the F P P  d a ta  for these 
purposes have been described in the previous chapter. In addition, the necessary 
correction for the incident photon beam polarisation is given in Appendix B. The 
following results have been obtained:
c h 2 Carbon
TSback
k l t 0.489 ±  0.008 0.463 ±0.011
j^back
LL 0.528 ±  0.008 0.539 ±0.011
Simply calculating these values, however, is not enough. To interpolate un­
derneath the Compton peak we have to assume the background polarisation is 
homogeneous. Even though the background is anticipated to be very uniform 
in nature, dom inated as it is by 7r° events, the assumption of a constant back­
ground polarisation is one of the most critical factors in the calculation of the 
RCS observables. As such, it warrants a full exam ination of the stability of the 
background polarisation as a function of scattered photon energy (E cai0), and 
over the 5x-5y phase space. The results of such an investigation are shown in 
fig. 7.1. The best estim ate of the constancy of Kj££k and K bj££k is the value of 
X2/ NDF ,  calculated from the spread of the individual points from the average 
values given above, for each of the graphs in this figure. The results are mixed, 
but the the deviations from the average in some of the graphs, particularly both
1This dilution factor is calculated from the ratio Nn/Nrcs by the means discussed in sec. 5.4.2.
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of the 8x ones, are larger than  one might reasonably expect from a purely sta­
tistical perspective. This effect is likely, therefore, to  contribute to the overall 
uncertainty of the measurement, and is discussed fully below in sec. 7.2.1.
7.1.2 Final Results for K l t  and K l l
The next step in obtaining the RCS results is the calculation of the polarisation 
transfer components for all events in the elliptical region a t the centre of 8x-8y. 
The first and most im portant question is related to the choice of the w idth of 
this elliptical region. It is clear from eq. 7.1 th a t the overall statistical accuracy 
of the measurement depends critically on this choice. There should therefore be 
some optimum width, which can be obtained by calculating the RCS polarisation 
transfer observables (K l t  and K l l )  for seven different choices of elliptical cut- 
width (described in term s of nSigma: the number of o in both  directions from the 
centre of the Compton peak) and observing the variation in the statistical error. 
These results are shown in fig. 7.2, from which three im portant observations can 
be made:
1. Naturally, the RCS contribution to the polarisation of all events in the cho­
sen region is most pronounced when the cut is narrow. As the cut is opened 
up, this contribution becomes less significant and the to tal polarisation val­
ues (K tot) asym ptotically approaches the background value (K back).
2. While the statistical error clearly varies as a function of nSigma, the calcu­
lated values of K l t  and K l l  are equal, within the statistical accuracy, for 
each of the chosen values.
3. There is a distinct increase in the statistical error averaged over both polar­
isation components (d) either side of a minimum value around 2n sigma. The 
exact value of this minimum is found by performing a fit on d and finding 
the minimum of the fit function.
A value of 1.6nSj5ma was found to  give the minimum statistical error, and the 
corresponding dilution factor for this cut-width was calculated:
D = 0.3825 ±  0.0035
The polarisation observables for all of the events in this region were:
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c h 2 Carbon
0.357 ± 0 .036 0.322 ±  0.049
0.587 ± 0 .036 0.591 ±  0.050
Finally, by taking a weighted average of the results from both polarimeters 
and applying the correction in eq. 7.1, the polarisation transfer components for 
Compton events were found:
K lt = 0.112 ± 0 .078 
K ll =  0.679 ±0 .083
7.2 Systematic Uncertainties
The fact th a t this measurement involves taking a beam-helicity asymmetry means 
th a t most of the possible systematic uncertainties directly cancel. T hat is not to 
say th a t there are no remaining significant systematic contributions to the over­
all uncertainty. Indeed, we have already seen th a t the assumption of a uniform 
background polarisation is open to some debate. W hat follows is a list of possi­
ble systematic effects and estimates of their respective contribution to the to tal 
experimental uncertainty.
F P P  Scattering Angles
The accuracy with which the scattering angles used to form the beam-helicity 
asymmetries are measured in the F P P  is known to be around 1 mrad. Therefore, 
to estim ate the effect this uncertainty has on the final result, the data have been 
re-analysed with an offset of ± 2  mrad  applied to the values of both polar ($) 
and azim uthal (p) scattering angles. The resultant changes in the polarisation 
transfer components were found to be:
A K l t A K l l
d (±2 mrad) -0 .002 ±0.008
(j) (±2 mrad) -0 .001 ±0.000
Spin Transport
The spin transport m atrix elements are sensitive to uncertainties in the to ta l 
bending angles determined by the COSY model used to describe the HRS. These
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have been examined in great detail by Pentchev et dl. [87,88] with regards to 
the proton form factor measurements (where, admittedly, the statistical accuracy 
was much better than  in the present case). They have found nominal bend angle 
uncertainties of A A mrad  in the dispersive plane (©tend), and 0.3 mrad  in the 
non-dispersive plane (&bend)- A full re-analysis with these offsets applied resulted 
in the following changes:
A K lt A K ll
0&end (+4.4 mrad) -0 .002 +0.000
$ b e n d  (+0.3 mrad) -0 .001 +0.000
D ilution  Factor
The method of fitting the Sx — Sy spectra and obtaining the ratio  of Compton 
events is sensitive to both  the function used to fit the background distribution 
and to which plane the slices are taken. The systematic error on the dilution 
factor (D), estim ated by varying both of these factors, was found to be around 
+0.006, which caused shifts of:
A K lt = +0.004
A K l l  = -0 .001
epy Correction
The analysis described in sec. 5.4.2 has shown th a t while the n° background 
provides the dominant dilution of the RCS polarisation, a small but non-negligible 
dilution will occur due to  the post-radiator brem sstrahlung (epj)  events. The 
ratio of the number of these events to the number of RCS events in  the elliptical 
region of interest was found to  be 2.4 %. Since the hard brem sstrahlung photons 
in this process carry almost all the initial electron polarisation (see Appendix B ), 
it is sufficient within the accuracy of this calculation to use the values for elastic 
ep polarisation transfer measured using the calibration d a ta2 (and described in 
sec. 6.4). This correction, however, is based on a very lim ited data-set and the 
rather tenuous assumption th a t all those events around Sx = 0 in fig. 5.6 are 
due to the ep7 process (when, clearly, some will be real Com pton and other 
background events). Therefore, only half the correction is applied with a 100%
2Transformation from the scattering plane to the CM frame gives K l t  =  0.189 and K ll  =  
0.875.
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systematic error:
K lt =  0.111 ±0.001 (ejr/syst)
K ll =  0.677 ±0 .002  (e p jsy s t)
7.2.1 7T° Background Correction
As alluded to  earlier, the assumption of a constant background polarisation and 
the resulting correction is the largest source of systematic uncertainty in this 
measurement. However, we have already seen a piece of evidence tha t suggests 
the background correction is pretty self-consistent and the associated systematic 
uncertainties are smaller than  the overall statistical error: the fact th a t the value 
of Compton polarisation is independent of the w idth of elliptical cut used to select 
Compton events (fig. 7.2). Even so, the inhomogeneity suggested by some of the 
reasonably large x 2 values in fig. 7.1 implies th a t propagation of the statistical 
errors associated with the background polarisation alone is not sufficient.
Perhaps the fact th a t we could have chosen any of the cut-w idths in fig. 7.2 
provides the most straightforward means by which to obtain an estim ate of this 
systematic uncertainty. The difference between the polarisation transfer calcu­
lated for the particular elliptical region used in the final analysis and the value 
averaged over all of the seven regions has been found to be:
A K lt = -0 .032  
A K ll = -0 .032
The observation th a t theses values are the same for both components is evidence, 
perhaps, for the consistency of this particular technique of estim ation. In isola­
tion, however, it is far from a rigorous analysis of the system atic uncertainty. 
Two other techniques may be used to provide some further insight:
1. Examination of the variation of the polarisation result over four different 
rings around the centre of the Compton peak (from zero up to  the maximum 
value of 1 '(yrisigma), and the variation over the lower and upper halves of the 
calorimeter energy distribution. Such a study will provide clear evidence for 
deviations out with the statistical uncertainty. Fig. 7.3 clearly shows tha t 
no such deviations are present, but within the limited statistical accuracy 
it is difficult to use these plots for any reasonable quantitative estim ation
>
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Figure 7.3: Variation in the K lt and K ll results for different cuts on n^grna 
(top) and Ecai0 (bottom). The blue points show the final results; the red points 
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of the systematic uncertainty.
2. In looking at the stability plots of fig. 7.1, one might ask: why calculate 
K back over the full Sx — Sy range when the prim ary interest lies a t the cen­
tre  of the distribution, and events in the periphery do not contribute much 
to the statistical accuracy? In an a ttem pt to  assess how large a difference 
might be expected if a more central Sx — Sy background region is considered, 
the full calculation was repeated with the background components calcu­
lated for events satisfying the conditions, abs(5x) <  20 and abs(Sy) < 20. 
The resultant changes in the Compton polarisation observables were found 
to  be:
A K lt  =  -0 .023  
A K ll = -0 .016
These shifts have the the same sign as our original estimates, bu t are significantly 
smaller in magnitude. Consequently, with some confidence we will use the more 
conservative estim ate of —0.032 for the systematic uncertainty associated with 
the background correction.
7.2.2 Total Systematic Uncertainty
All of the contributions to the to ta l systematic uncertainty which have been 
considered in the previous sections are included in fig. 7.4. As is usually the case 
with systematic uncertainties, it is difficult to say whether a linear or quadratic 
sum would best characterise the individual contributions and give an accurate 
estim ate of the total. Since many of the above uncertainties are not symmetric, 
it seems reasonable to conclude th a t a linear sum would be the better option. 
The final results, therefore, including systematic uncertainties are:
K lt = 0.111 ±  0.078 (stat) ±  0.040 (syst) 
K ll = 0.677 ±  0.083 (stat) ±  0.044 (sy s t)
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7.3 Conclusions
The primary motivation behind the first measurement of the proton spin observ­
ables in wide-angle Compton scattering was to determine the dominant reaction 
mechanism at presently accessible energies. Providing unambiguous resolution of 
this m atter is important for two reasons:
1. The phenomenological analysis of exclusive processes at high momentum 
transfer has a distinctly reaction independent nature. Therefore, if one 
factorisation scheme dominates in a particular reaction channel, it might 
also be dominant in other similar reactions3.
2. With a particular theoretical approach favoured over the others, the full 
E99-114 data-set including the differential cross section results can be used 
to learn about the non-perturbative structure of the proton within that 
model (i.e. using a description based upon pQCD DA’s or handbag Compton 
form factors).
!Such as deeply-virtual Compton scattering and hard meson production.
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Figure 7.5: The present result and associated statistical uncertainty for the polar­
isation transfer, K LL, relative to predictions from the pQCD (green), soft overlap 
(blue), LFCBM (red) and Regge exchange (magenta) calcultions.7.3.1 The Factorisation Scheme
In the wide range of hard exclusive reactions none of the currently available data 
provides the opportunity for identification of the underlying factorisation scheme 
better than the measurement of the Compton scattering observable K LL. This is 
because of the remarkable contrast between the pQCD leading twist and handbag 
mechanisms at large scattering angles. The present result unequivocally favours 
the latter of the two reaction mechanisms, and is shown relative to the various 
theoretical predictions discussed in Chapter 3 in fig. 7.5.
The overall uncertainty associated with the measurement is too large and the 
theoretical predictions too similar at these kinematics to distinguish between the 
soft overlap, LFCBM and Regge exchange predictions. One thing that is clear, 
however, is the unambiguous disagreement with the pQCD predictions, regardless 
of which proton DA’s are used. This, in itself, is a powerful conclusion and adds to 
the body of evidence already in place highlighting the failure of pQCD predictions 
for some observables at JLab energies: the observation that the electromagnetic 
form factor ratio F2/F i scales as Aj \ f t  [33,34] and the non-zero value for the
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induced and transverse recoil proton polarisations in n° photoproduction [35] are 
direct evidence for non-zero proton helicity-flip. This means th a t models for the 
proton in this energy regime must involve configurations of the proton involving 
non-zero quark orbital angular momentum, which is not the case in all current 
pQCD calculations.
7.3.2 Proton Structure within the Handbag Factorisation
The Compton form factors and underlying G PD ’s of eq. 3.16 are a param eter- 
isation of the process-independent, non-perturbative structure of the proton in 
the handbag approach. In sec. 3.3.1, Ra  and R y  have been estimated using the 
overlap of soft light-cone wave functions, whereas an estim ate for the param e­
ter k t  (eq. 3.21) has been obtained from the assumption of a close relationship 
between the Compton form factor ratio R t /R v  and its electromagnetic coun­
terpart F2 /F 1 . These estim ates have then been used to provide the soft overlap 
predictions for the cross section and spin observables shown in fig. 3.6.
R ather than  relying on these estimates a model-independent determ ination 
of the Compton form factors is possible based upon the E99-114 data alone. A 
procedure for doing so has been suggested in ref. [37]. However, in addition 
to the experimental uncertainty associated with the present measurement, the 
architects of this approach have stressed th a t theoretical uncertainties a t these 
energies are significant (they have been estim ated to be around 15 %). As a result, 
the following discussion should not be considered a rigorous, quantitative analysis 
of the Compton form factors, bu t rather a discussion on what might be learned 
from this measurement and how it might be extended further.
Proton  helicity-flip and the m agnitude of k t
In the previous section we highlighted the necessity for including the contribution 
of proton helicity-flip amplitudes in any calculation of the experimental observ­
ables. Although the handbag predictions for the differential cross section are 
largely insensitive to the tensor form factor (Rt ) and the associated helicity-flip 
amplitudes, this is not true for the polarisation transfer component K l t - In 
eq. 3.21 we introduced the variable kt R t /R v  as a measure of the differ ence 
between predictions with zero (kt =  0) and non-zero (kt =  0.37) proton helicity- 
flip amplitudes. The K lt predictions for these two separate cases can be seen in 
fig. 7.6, together with the present result for this observable.
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One conclusion th a t can be made from inspection of fig 7.6 is th a t the magni­
tude of k t  lies somewhere between the values th a t have been considered, although 
the uncertainties are such th a t this is far from a robust statem ent. The authors of 
ref. [44] propose a method of obtaining a quantitative estim ate for k,t by locking 
at the polarisation transfer ratio ( K l t / K l l )- This ratio is relatively insensitive
to the largest sources of theoretical uncertainty, and can be expressed by:
where
/? =  ^ - E 1 =  0.38, (7.3)
y / S  y / S  +  y / ~ U
is calculated from the kinematic variables given in tab. 5.7. Using the present 
result:
K lt /K ll =  0.164 =t 0.116 (stat), 
and solving eq. 7.2 gives the estimate:
Kr =  ^ 7 r - ° - 2 1 ± c u l - (7-4)2m R v
Note th a t the error given for k,t  is only th a t associated with the  experimental 
statistical error. This result for kt is more than  one standard deviation smaller 
than the value of 0.37 predicted from the electromagnetic form factor ratio, which 
may sqggest th a t R t / R v falls more rapidly with —t than  F2/F i .
The relationship between F2/F i and R t /R v is based upon the  equivalence 
of the underlying G PD ’s (E  and H) at m oderate momentum transfer, and illus­
trates why real Compton scattering is a natural complement to high Q2 elastic 
ep scattering. Polarised Compton scattering data, therefore, provides an ideal, 
independent means of resolving one of the most controversial issues in nucleon 
structure physics at present: the recent JLab polarisation result th a t  F2/F \  scales 
as A/ y f—t is in direct contradiction to Rosenbluth cross section d a ta  which scales 
as A2/ t  [94]. The scaling of the la tter implies suppressed proton helicity-flip 
amplitudes, and therefore corresponds to  small (close to  zero) values of Kt  at 
these energies. Some light may be shone on this apparent discrepancy by further 
measurements of Kr(t).
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Com parison w ith  the K lein-N ishina asym m etry: th e ratio R a /R v
The first obvious conclusion regarding K ll and the handbag calculations is th a t 
its positive nature implies th a t the active quark in the hard scattering subprocess 
is polarised in the same direction as the proton. Since the mass of the active 
quark is very small on the hadronic scale, not only will there be no quark helicity 
flip, almost all the quark helicity will be transferred to the parent hadron. The 
dominant contribution to K ll> therefore, is from the hard 7q subprocess, which 
is simply described by the Klein-Nishina asym m etry for the active structureless 
quark {Kl l )- At leading order the subprocess am plitudes of eq. 3.15 give:
K k n  -* l l  ~  . . , 2  -  02 1 „,2
T Jn nt t  2 O / t t
O / t t  1 n j t tHn  +  Hu
52 u2 (7.5)
For the full handbag calculation of the physical am plitude, the ©Cm-dependence 
of K l l  is essentially the same as for the subprocess, but the Compton form fac­
tors are responsible for a dilution in the overall m agnitude (as seen in fig. 7.7). 
K Ll is formally given by the equation:
K l l  *  2 ) , (7.6)R a  jt) ( 1 + /3kt  (t ) 
R v (t) V 1 +  Kt (t)
where the values of f3 and k t  determined in eq. 7.3 and 7.4 imply th a t the term 
within the brackets is very close to unity. The difference between the hard subpro­
cess and full amplitude, therefore, is due almost exclusively to the ratio R a/R v-  
The comparison between the measured and predicted values for K l l  is shown in 
fig. 7.7. The present result suggests th a t this form factor ratio  may not be as large 
as expected, although unlike K l t / K l l  this observable is subject to significant 
theoretical corrections.
The form factor ratio R a / R v  is directly related to the DIS parton distribu­
tion ratio A q{x)/q{x) through eq. 3.20. Because the form factors are weighted 
by the square of the quark charge, the dominant contribution to  the Compton 
form factors will be from valence w-quarks. Therefore, proton Com pton scatter­
ing, in addition to all th a t has been discussed thus far, provides complementary 
measurements of the u-quark distribution within the proton.
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7.3.3 Future M easurements
The conclusions determined from the present result show some of the reasons 
why measurements involving proton Compton scattering, specifically the spin 
observables, are a powerful probe of proton structure. Two im portant questions 
remain, however, which must be answered in future experiments involving this 
reaction:
1. The soft overlap and LFCBM both involve the handbag factorisation, albeit 
with quite distinct models for the proton, whereas the Regge exchange 
am plitude is dom inated by the hadronic component of the incoming and 
scattered photons. To test the validity of the Regge predictions, in addition 
to extending the kinematic range of measurements of the Compton form 
factors, JLab experiment E03-003 [95] will measure K ll and K lt for ®cm =  
60°, 100°, 140° and 160°.
2. It is a commonly held belief th a t the pQCD leading twist factorisation will 
dominate at sufficiently large momentum transfer, but a t what energy scale 
does the transition to such a domain occur? Furthermore, are there some 
intermediate dom inant factorisation schemes (perhaps involving a single 
hard gluon exchange)? The answer to these questions will only become clear 
at much higher energies than  those currently available ( 5 0 -  100 GeV).
130 Appendix A. Kinematic Calculations
Appendix A 
Kinematic Calculations
Compton scattering, elastic ep scattering and coherent 7r° photo-production are 
described by simple two-body kinematics. By detecting the recoil proton in coin­
cidence with an electromagnetic shower in the calorimeter, the four-momentum 
of the proton and the mass of its scattered partner uniquely define the incident 
particle energy. Conservation of energy and momentum can then be applied to 
determine the scattered particle momentum.
Coordinate Systems
The key task in the present analysis is to correlate events a t the calorimeter with 
the proton kinematic quantities reconstructed by the HRS. For the associated 
calculations, it is im portant to be aware of three distinct coordinate systems and 
the relationships between them. The experimental geometry is shown in fig. A.I. 
All three systems have their origin at the Hall A central pivot, and the HRS 
(which rotates about the pivot) is located on the left-hand side of the hall, with 
the calorimeter on the right-hand side.
In the H all coordinate system, Zhaii points along the beam direction, Xhaii 
points to the left and yhaii points vertically up. The H R S  coordinate system, 
which is equivalent to the transport system (on an event-by-event basis, as de­
scribed in sec. 5.2.2), has ztgt pointing along the spectrom eter axis, x tgt pointing 
vertically down and y tgt =  ztgt x x tgt. Finally, the C alorim eter  coordinate sys­
tem is defined such th a t zcai0 points from the target (pivot point) to  the centre 
of the calorimeter. Looking along this axis, x cai0 then points to  the left and y Caio 
points up.
A further three quantities are required for kinematic calculations involving
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Coordinates
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Figure A.l: Definitions of the three coordinate systems used in the kinematic cal­
culations of this appendix: the H all (black), H R S  (magneta) and C alorim eter  
(blue) coordinate systems.
these coordinate systems:
1. The distance between the hall central pivot and the front face of the calorime- 
ter (D'mlo).
2. The angle zcai0 makes with respect to the ^ //-ax is  (0 cazo)-
3. The equivalent on the other side of the beamline (& h r s )■
The transformations between the coordinate systems can then be defined by the 
rotation matrices:
From H all to H R S  coordinates:
tg t
X
\oT—H1o1. X
V — cos Q h r s  0 —sin Q h r s y
z sin Q h r s  0 cos Q h r s z
(A.l)
hall
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From H all to C alorim eter  coordinates:
X COS ©caio b sin ©caio X
y = 0  1 0 y
z
c a lo
sin ©ca/o d COS ©caio z
(A.2)
h a ll
In addition, the target position along the Zhairaxis corresponding to the physical 
event vertex is required to  calculate the distance between this vertex point and 
calorimeter, as well as the associated a>offset on the calorimeter face. If the vertex 
point is zvi the distance and rr-offset are given by:
C c a lo  C ca io  %v COS Q calo i
Xq — Zv sin ©caio*
(A.3)
(A.4)
Reconstruction of Proton Kinematic Quantities
The proton param eters measured and reconstructed in espace are 9tgt , V tg t-, f a g t  
and phrs (from 5 and the central proton momentum). We begin by calculating 
the angle the proton trajectory makes with the central zhrs~axis:
cos 9zhrs =
1
y /l  + tan 2 etgt +  ta n 2 <j>tgt 
This leads to the proton momentum in the H R S  coordinate system:
/
(A.5)
P h r s  —
phrs cos (9jrs tan  9tgt  ^
phrs cos 9 f s tan  4>tgt 
\  p h r s  COS 9\TS )
(A.6)
which can then be transformed into the H all coordinate system by the rotation 
defined by the inverse of eq. A .l. This leaves us finally with the proton four- 
momentum, from which we can calculate the proton scattering angle relative to 
the Zhair axis'-
cos 9Z = — . (A-7)
V
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Two-body Kinematic Correlation
To find the four-momentum of the scattered particle which induces a calorimeter 
trigger an elastic two-body reaction is assumed:
7 +  p —¥ p -1- X
where X  = 7 , e_ , 7r° are the dom inant reactions of interest. It is further assumed 
th a t there is no kinematic distinction between an incident photon and incident 
electron (i.e. we neglect the electron mass in these calculations). Therefore, using 
eq. A .7, the energy of the incident photon/electron can be determined:
_  Mp (Ep -  Mp) +  \ M l
Mp — Ep + p  cos 8Z ' 1 ’
By four-momentum conservation the energy, three-momentum and in-plane scat­
tering angle of the particle X  are given by:
E x =  E{n +  Mp — Ep, 
k  =  y /E l  -  M%,
E i n E x  —  M p  ( E p  —  M p )  — \ M x  
cosdx = ------------------- =r-r------------------- • (A -9)
J-^in
Moreover, by conservation of out-of-plane momentum the azim uthal angle can be 
found:
sin <j)X = ~  1 P vn • (A. 10)k sm 6x
This yields the momentum of the proton’s partner in the H all frame:
/  — k sin Ox cos (f)x
ksinOx sin^x  | • (A -H)
y k cos Ox
k =
Predicted Calorimeter Hit Position
The knowledge of this particle’s four-momentum allows calculation of the posi­
tion where it will strike the calorimeter face. I t ’s momentum is ro tated  to the 
C a lo rim eter  coordinate system by application of eq. A.2, resulting in the vector
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kcaio- Next, we define the in-plane and out-of-plane calorimeter angles:
tan  0caio =
calo
ky
tan  <j)cai0 =  (A. 12)
calo
Using these angles and the relations in eq. A.3 and A.4, the predicted x  and y 
position of the calorimeter h it will be:
predicted, ^0 4“ D Calo@caloi
Vpredicted =  D Calo$calo' (A. 13)
Finally, we come to the most im portant of the kinematic variables, the differ­
ence between, the predicted and measured hit postions:
predicted 3Cgrav
— Vpredicted Vgrav (A* 14)
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Appendix B 
Beam Polarisation
Only one measurement of the longitudinal polarisation of the electron beam was 
taken using the Mpller polarim eter (sec. 4.2.1). This occurred at the beginning 
of the polarised data-taking period. Assuming no large deviations from this 
measured value over relatively short time periods, which is consistent with the 
behaviour of the Jlab polarised electron source, the asymmetries measured dur­
ing the experiment can be used as a de facto m onitor of the stability of beam 
polarisation. Since the physical proton polarisation transfer components for a 
particular prim ary reaction at the target (identified by the means described in 
sec. 5.4) do not vary with time, any deviation in the resultant asymmetries (out 
with statistical fluctuations) will be clear evidence for variation in the beam po­
larisation. Clearly, the abundance of the 7r° background events in the production 
data-set makes the asymmetries corresponding to these events ideal for such a 
study.
However, the electron polarisation is not the appropriate quantity for obtain­
ing the RCS polarisation transfer components; rather, it is the polarisation of the 
incident brem sstrahlung photons th a t is required. The transfer of polarisation 
from electron to photon in the brem sstrahlung process has been calculated in 
ref. [96]. It turns out the ratio of photon to electron polarisation depends only 
on the ratio of the corresponding energies, according to the polynomial [58]:
p  4 £ i  2
R r E* \ B . )  m u
P  ~  E  ( E  \ 2 '4 - 4 f  +  3 ( f )
Since the incident photon energy is spread out over a range of values (see fig. 5.4)
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the correction of eq. B .l must be applied on an event-by-event basis. The resultant 
polarisation spread over the range of incident energies was found to be 98.2 - 
99.8 % (FWHM) of the incident electron polarisation, and the average value was 
99.2 %.
To examine the photon beam stability the 7r° background polarisation transfer 
components (.K back), uncorrected for the beam polarisation (P7), have been calcu­
lated as a function of the tim e elapsed since the Mpller measurement. The results 
can be seen in the top two plots in fig. B .l. To isolate the relative variation in the 
photon beam polarisation (A P7), which is shown in the bottom  plot of fig. B .l, 
one must normalise these quantities (e.g. P7K j^ k/ K j ^ k) and take the average of 
the two. W ithin the statistical accuracy of the measurement the results appear 
to be very stable. The maximum drift in the polarisation from the s ta rt to the 
end of the experimental period (obtained by a straight line fit to  the data  in 
fig. B .l) was found to be around 3%. This is actually smaller than  the relative 
uncertainty associated with the Mpller measurement (Pe = 0.766 ±  0.026).
Therefore, in all the polarisation analysis th a t is described throughout this 
document we assume th a t the value and uncertainty for the electron beam po­
larisation is given by the result of Mpller measurement, and the corresponding 
photon polarisation for a particular event is calculated from eq. B .l.
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Figure B.l: Plots showing the variation of the beam polarisation over time. The 
data in red show the variation of the background polarisation transfer components, 
P^K bLaf k (top) and P^K^f* (middle). The blue data shows the relative shift, in the 
averaged values after normalisation (bottom).
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